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The well known limiting diffusion current technique for the K^FeCCN)^ - 
K^Fe(CN)^ - NaOH system was used to study the effect of deposit 
characteristics on mass and heat transfer rates in a simple mixing cell. The 
simulated fouling deposit consisted of spherical glass spherical particles 
resting randomly on the nickel cathode base to the mixing cell.
Mass transfer results were expressed in terms of the Gilliland- Sherwood 
correlation
Sh = a Reb Sc*
where a and b for 0 £ dp £ 12mm and 0 £ n^ £ 7 were found to be
0.1 122 -0 .2 6 7 2dn -4.0086dn ,
a = 1 .0330 exp{-7.7799 nx (e p - e p)}
« , “0.2924dD ~3.l486dDv
b = 0.5644 + 1.0081 (e p - e p)
where dp = particle diameter
n-^ = number of layers 
The corresponding heat transfer results were expressed in the form of
Nu = a Reb Pr1
where a and b were found to be
[PrV , 0.1 122 , -0 .2672dn -4 .0086dn „
a -  1* ° 3 3 0 | ^ J  exp {-7.7799 n1 (e  p -  e p )}
-0.2924dD “3.1486dDx
b = 0.5644 + 1.0081 (e p - e p)
The presence of the particles on the cathode has two effects on transfer 
rates. Firstly, the resistances to mass and heat transfer through the deposit 
increase with increasing number of layers. Secondly, the presence of 
particles, large with respect to the surface roughness of the unfouled 
surface, reduce the resistance to mass and heat transfer through the fluid 
film at the fluid-deposit interface. At relatively high Reynolds numbers, the 
latter effect can predominate to such an extent that the overall resistance
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INTRODUCTION
Fouling, although widely recognised as a serious constraint in the design 
and operation of heat transfer equipment, remains one of the least understood
(i _ii)
phenomena encountered in industry todays Fouling of heat transfer
(5-7 )
equipment occurs in most chemical and process industries , including oil
refineries, pulp and paper manufacturing, polymer and fibre production,
desalination, food processing and power generation. In a heat transfer survey
(8)conducted by Saberskyv , fouling was considered ’by many to be the single 
most unknown factor in the design of heat exchangers'.
Fouling of heat transfer equipment can cause a reduction in thermal and 
hydrodynamic performance, an increased energy consumption, an additional 
maintenance and cleaning cost and a partial or total loss in production. In 
addition, the extra surface area allowed for fouling in the original design 
of heat transfer equipment will incur an extra capital cost. Excess surface 
area of 30— 4^0%, equivalent to an capital cost of 2556, is probably a typical 
average^*^
The overall cost of fouling of heat transfer surfaces in the United
Kingdom based on 1979 prices was estimated by Thackery^^ to be £300-500M per
year, ie. equivalent to 0.556 of the UK Gross National Product. Scaled up to
1980 prices, this figure becomes £500-1 000M per year. Van Nostrand, Leach and
Haluska^1 of Exxon Chemical Co. have estimated the total cost of fouling
for a hypothetical, typical 100,000 Bbl/SD refinery in the United States to be
$9.9M per year. By extrapolating this figure proportionally, the fouling
related expenses for all US refineries was estimated at about $1^00M per year
and for worldwide non-communist refineries at about $4400M per year.
Despite the accumulation of the fouling literature in recent years,
(1 2)
fouling appears to be a topic that eludes generalisation . This lack of 
understanding almost reflects the complex nature of the phenomena by which 
fouling occurs in industrial equipment. The wide range of process streams and 
operating conditions present in industry tends to make most fouling 
situations unique thus rendering a general analysis of the problem 
difficult^ 1 3).
Fouling is an extremely complex phenemenon. Fundamentally, fouling may be 
characterised as a combined, unsteady state, momentum, mass and heat transfer
1
problem. In certain fouling situations, additional knowledge of chemical
(1U )kinetics, solubility data and corrosion principles may also be required^ . 
There is also strong evidence from the available fouling data that the
overall fouling process consists of a number of sub-processes'* ’ 3 ' .
These are
1. Processes in the bulk of the fluid
2. Transport to the deposit-fluid interface
3. Attachment/formation reaction at the deposit-fluid interface 
Removal of the fouling deposit
5. Transport from the deposit-fluid interface
( 1 (T _1 7 \
Epstein^ 3 "  stressed that some of the sub-processes may not be applicable
in certain fouling situations.
Much of the fouling research undertaken has been focussed on the
elucidation of models that would attempt to describe the overall fouling
process of fouling on heat transfer surfaces. Most of the fouling models
found in the literature are based on the observation made by Kern and
( 1 ft 1 Q )Seaton'* * ^ . They proposed the net overall rate of fouling at any time 0 is
the difference between the two simultaneous opposing rates, a deposition rate
and a removal rate $p. The models differ essentially on the functional
dependence of the operating variables on and $p. Unfortunately, due to the
complexity of the fouling process, all of these models are highly simplified,
semi-analytical and only have a limited applicability. Clearly, these models
do reflect the lack of understanding of the fundamental laws which govern the
overall fouling process.
The need for a general fouling model that will be of use to designers and
(12 20 P 1 )operators of heat transfer equipment has been strongly emphasized'* * '
(21 2 2)To date, two general fouling models ’ have been reported in the fouling
literature. Unfortunately for both models, considerable experimentation on
the crucial fundamental aspects of the model is required before the model can
be used in the design and operation of heat transfer equipment.
It was suggested that all future investigations of fouling should be
based on a ’process analysis’ of the overall fouling process. This approach,
(2  ^2U)originally proposed by Characklis ' for a complex microbial fouling
system, involves the breaking down of the overall fouling process into a 
number of sub-processes and establishing the fundamentals which lie behind
2
each of the sub-processes. It was generally felt that this approach will
ameliorate our understanding of the overall fouling process.
The research needs for the ’process analysis’ approach have been
( 1P)summarised by Somerscalesv A strong emphasis was placed on the need for a
better understanding of the influence of the fouling deposit characteristics
on the overall fouling process. It is the aim of this study to investigate the
effect of deposit characteristics on heat transfer and the influence of the
deposit interface on fluid flow.
As industrial fouling deposits are difficult to quantify in terms of
well-defined deposit characteristics, it was decided to simulate the fouling
(25)deposit in this study. Of the various options listed by Epstein for 
monitoring fouling in small scale rigs, the electrochemical method was 
selected for two reasons:
1. To date, only two papers^ 2^ ’ 2 ^  on the use of the electrochemical method 
for monitoring fouling have been reported in the literature.
2. Using a model fouling system, the electrochemical method provides the most 
suitable method to study the effect of deposit characteristics on heat 
transfer and the influence of the deposit interface on fluid flow.
3
1. FOULING OF HEAT TRANSFER SURFACES
Several workers have reviewed fouling of heat transfer surfaces in
(2 )general. Excellent, reviews have been presented by Bott and Walker' ' in 1971, 
Taborek et al^2® 31 ^ in 1972, Hopkins^32  ^ and Walker^33  ^ in 1973, Bott^3,1^  in
1975 and 1981, Gupta(34) in 1978, Epstein(25’35) in 1978 and 1979,
Somerscales^12  ^ in 1979, Knudsen^’3^  in 1980 and 1984, Lund and Sandu^2^, 
Pinherio^22\ O'Callagan^3^  and Collier^3®^  in 1981 and Knudsen and Roy^3^  
in 1982.
1.1 Definition
Fouling may generally be defined as the formation of undesirable solid
material on a heat transfer surface which impedes the transfer of heat and
(1?)
increases the resistance to fluid flow' . This accumulation of deposits 
causes the thermal and hydrodynamic performance of heat transfer equipment to 
decline with time.
1.2 Classification
The generally favoured scheme for the classification of different types of
fouling that can occur on heat transfer surfaces is the one based on the
principal physical/chemical process that will give rise to the phenomenon.
The six categories identified by Epstein^ 1 7,25»35)
( 1 21 210-216)1. Precipitation fouling' * J - the crystallisation from solution of 
dissolved substances onto the heat transfer surface.
( f. |l 7 —CO)
2. Particulate fouling' ’ 1 J - the accumulation of finely divided solids 
suspended in the process fluid onto the heat transfer surface.
( C _C Q >
3. Chemical reaction fouling' ' - the deposit formation at the heat 
transfer surface by chemical reactions in which the surface material 
itself is not a reactant.
4. Corrosion fouling^^’^  ^ - the accumulation of indigeneous corrosion
products on the heat transfer surface.
5. Biological fouling^23’2^ 2-^^  - the attachment of macroorganisms and/or 
microorganisms on a heat transfer surface.
4
6. Solidification f o u l i n g ^ ^ ^  - the freezing of a pure liquid or 
crystallisation from a multicomponent melt onto a subcooled surface.
1.3 Terminology
The various terms used in the literature as synonyms for fouling deposits 
are shown in Table 1.1.
1.*J Design
The effect of fouling on the design and operation of heat transfer 
equipment is expressed in the basic design equation for heat transfer:
q = U A Ft (LMTD) 1.1
where q is the heat transfer rate, U is the overall heat transfer coefficient,
A is the heat transfer area, LMTD is the overall logarithmic mean temperature
difference based on inlet and outlet temperatures of both streams and Fy is a 
correction factor based on the geometry of the system to give the true mean 
temperature difference between the fluids.
The various resistances to heat transfer encountered as heat flows from a 
hot fluid to a cold fluid and the accompanying temperature differences are 
shown in Figure 1.1 A for clean surfaces and Figure 1.1B for fouled surfaces. 
The resistances are in series. The overall heat transfer coefficient for 
clean and fouled surfaces, Uq and Up, are respectively given by:
- = Ri + Rw + Ro 1*2
UC
r: = Ri + RFi + Rw + rFo + ro 1*3Up
The heat transfer resistances inside and outside the wall, and R0, are 
obtained from design correlations. The heat transfer resistance of the 
wall, Rw, is obtained from the thermal conductivity of the wall material and 
its thickness. The fouling resistances inside and outside the wall, Rp^ and 
Rpo, account for the fouling and roughness of the heat transfer surface.
If Uc and Up are both known, the sum of Rpi and Rp0 can be determined from 
equations 1.2 and 1.3.
RFi + rf° ■ UF" UC ’•*
5
TABLE 1.1 TERMINOLOGY OF FOULING DEPOSITS(12)























Fossil Fuel Fired and 





and gas turbine fuel 
handling systems
Milk processing
Organic cooled Nuclear 
Reactors
Heat transfer equipment 
exposed to natural water
Ship hulls and heat transfer 
equipment exposed to sea water
Cooling water side of heat 
transfer equipment using 
natural water
Refrigeration units
Inorganic, crystalline and tenacious deposits,
- formed by
1. inverse solubility salts on heated surfaces
2. normal solubility salts on sub-cooled surfaces,
Porous and loosely adherent deposits.
Deposits of fine magnetite - formed elsewhere in 
reactor system and transported to the heat 
transfer surface.
Deposits of corrosion products - formed elsewhere 
in reactor system and transported to the heat 
transfer surface.
Deposits of silica based minerals - formed in the 
fuel elsewhere in reactor system and transported 
to the heat transfer surface.
Carbonaceous tenacious deposit - formed by 
polymerised organic compounds.
Carbonaceous, soft and loosely adherent deposits. 
Deposit derived from constituents of milk.
Deposit formed from organic coolants.
Deposit of indigeneous corrosion products.
Growth of 1. macro- and micro- organisms 
2. macro-organisms.
Growth of micro-organisms.
Freezing of a single component liquid, e.g. water,
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FIGURE 1.1 HEAT TRANSFER RESISTANCES AND TEMPERATURE PROFILES
Equation 1.H gives the physical significance of the average fouling
resistance, Rp as RFi and rFo cannot be evaluated individually.
The fouling resistance of a heat transfer surface, Rp is dependent on 
several physical and economic factors. The physical factors which influence
/ 1 o C. Q ^j~ r p ^
the extent of fouling in heat transfer equipment include' -5* ' }
1. time
2. the velocity of a fluid over a surface
3. the wall temperature and the interfacial temperature between the fluid and 
the wall
4. the physical and chemical characteristics of the fouling fluid
5. the material and finish of the heat transfer surface
6. the geometry of the heat transfer equipment
7. the nature of the fouling deposit
The economic factors which enter in the determination of the permissible 
extent of fouling in heat transfer equipment include^^)
1. the initial capital cost of a heat exchanger
2. the variation of the capital cost with the size of heat exchanger
3. the cost of wasted energy associated with the poorer performance of the 
heat exchanger
4. maintenance costs
5. the number of plant shutdowns for cleaning
6. cleaning costs
7. the loss of revenue during plant shutdown
8. depreciation, tax, net return of investment, etc.
Clearly, there is an optimum value for Rp to be used in a given heat exchanger
design problem. TEMA^^ defines the optimum as ’The best design fouling
resistance, chosen with all physical and economic factors properly evaluated,
will result in a minimum cost based on the capital and operating costs of the
heat transfer equipment’. Several methods for predicting the optimum economic
(73-77)performance of heat transfer equipment have been suggested' J . All of 
these methods require reliable equations or operating data for the prediction 
of the fouling transient. Unfortunately, this information is rarely available.
The general practice for the specification of the fouling resistance in 
the design of heat transfer equipment is to ’throw in fouling factors’ for Rp^ 
and ~ fixed values obtained from
1. standard sources such as TEMA tables^^ or nomographs^^
2. previous user experience
3. laboratory and field tests
The fouling resistances are usually of the order 0.0001 to 0.0018 m /kW. In
some cases, the fouling resistance may be the controlling resistance^-^’® ^ .
Unfortunately, the information provided by the TEMA tables suffers from
(1 2 )three serious disadvantages^ , ie.
1. it does not recognise that fouling is a transient process.
2. it does not usefully relate to the design and operation of certain types 
of heat transfer equipment.
3. it is only available for a limited number of fluids.
Moreover, Bott and Walker^ have questioned the reliability and accuracy of 
these fixed values.
Until recently, there has been no demand for information more 
comprehensive than that provided by the TEMA tables. However, as a consequence 
of
1. the rapidly increasing costs of energy and of the materials used in the 
construction of heat transfer equipment since 1973
2. the gradual improvements in design procedures for estimating the inside 
and outside film heat transfer coefficients, h^ and h0
there is an increasing awareness among designers, manufacturers and users
alike for the need ’to reduce the ignorance factor associated with 
(34)fouling' ' in the design of heat transfer equipment.
1.5 Measurement
1.5.1 Characterisation of deposit accumulation
The amount of deposit accumulation on a heat transfer surface may be 
expressed as
1. mass per unit area of heat transfer surface, M
2. thickness, x
3. unit thermal fouling resistance, Rp
The three entities are inter-related differentially as
dM = ppdx = ppfcpdRp 1.5
9
where pF = density of fouling deposit
kp = thermal conductivity of fouling deposit 
The corresponding expressions for the rate of deposit accumulation at any 
time 0 is given by
dM da: dRp
1 ~ Pj? 1 ~ Pr^-tr 1 .6
de b de b b de
Depending on the relative values of pp and kpt it should be noted that two 
deposits with the same incremental increase in M may give rise to very 
different corresponding increases in Rp. A hard adherent non-porous deposit 
will typically have relatively high values of pp and kp while a soft loose
/  -I r _ i  ij \
porous deposit will have considerably lower values of pp and kp' 3 .
Assuming that pp and kp does not vary with xt integration of equation 1.5 
yields
M = pp# = pp^,Rp 1.7
The assumption on which equation 1.7 is based is rarely met in practice. An 
example of this assumption being violated is given by the complex formation 
of deposits on a steam generator pipe reported by Meetor et al'1 In such 
violations, pp and kp represent composite average values of the density and 
thermal conductivity respectively. However, for the rare cases where the 
variation of pp and kp with x is known, equation 1.5 can be integrated taking 
this variation into account.
1-5-2 Measurement of deposit accumulation
The ideal approach for obtaining fouling data is to monitor the
performance of in-plant heat transfer equipment using the actual
fluids^^’® ^ . This is frequently accomplished^ but much of the fouling
data obtained is widely scattered and not particularly useful for the
development of fouling models. The problems of obtaining fouling data from
in-plant heat transfer equipment have been highlighted^^'®^.
Due to the difficulties of carrying out controlled experiments on in-plant
heat transfer equipment, several laboratory and field techniques were
(251developed. Epsteinv summarised these techniques in terms of equipment 
geometry, the type of heating and the method of interpreting the results. This 
collation is reproduced in Table 1.2. Knudsen^®^ described several
10
(o<)
TABLE 1.2 CHARACTERISTICS OF TECHNIQUES USED BY VARIOUS INVESTIGATORS TO STUDY FOULING ON HEAT TRANSFER SURFACES
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Shell side of model heat exchanger 
Helix
Sensible fluid heating 
Condensing Vapour 
Direct electrical heating 
Indirect electrical heating 










experimental test sections that have been used by various investigators to 
carry out dynamic, often accelerated, fouling experiments under controlled 
conditions. The advantages and disadvantages for each test section were also 
discussed. A summary of the comparison of these test sections is given in 
Table 1.3.
Merry and Polley^^*^^ have pointed out there are conditions which must 
be satisfied before the fouling data obtained from laboratory or field 
techniques can be used in the design or performance analysis of industrial 
heat transfer equipment. These conditions are
1. The actual fluid to be handled by the industrial heat exchanger must be 
used in the laboratory or field tests.
2. The apparatus must be constructed of the same material as the industrial 
heat exchanger.
3. The thermal and hydrodynamic conditions must be representive of those 
present in the industrial heat exchanger.
(25)These conditions indicate that many of the techniques outlined by Epstein 
are invalid. The only suitable laboratory or field test for the simulation of 
tubeside/shellside fouling in industrial heat transfer equipment is the 
thermal monitoring of fouling inside tubes/over tube bundles or in a model 
exchanger.
However, the other techniques are useful for the evaluation of the fouling 
propensity of a fluid^*^ and the determination of the nature of the fouling 
deposit^®^.
1.5.3 Fouling Curves
The most common fouling curves found experimentally are shown in 
Figure 1.2. In principle, the net overall rate of fouling at any time 0 can be 
expressed as the difference between the deposition rate and the removal 
rate Curve A represents the linear mode which is indicative of
either a constant with $p being negligible or (4>d - $p) is constant. This 
is generally characteristic of hard adherent non-porous deposits. Curve B 
illustrates the falling rate mode which results from either a decreasing <J>d 
with $p being constant or a decreasing <J>d and an increasing <j>p. Curve C 
represents the asymptotic mode which is characteristic of soft loose porous 
deposits which flake off easily due to the shearing action of the fluid
12
(86)
TABLE 1.3 COMPARISON OF TEST SECTIONS
FEATURE TEST SECTION
1 2a 2b 2a 3 4 5 6 7 8 
T A T  A T A 
H C H C
Visual observation possible 
during run X X X X X X
Must be destroyed (or dis­
assembled) to observe
deposit X X X X X  X X  X X
Local heat flux easily 
determined X X  X
Local heat flux easily 
determined but losses to 
environment must be accounted
for X X X X X
Local heat flux usually 
cannot be determined X X X X X X X
Wall temperature can be 
determined X X  X X X X X X X X X X X X X
Surface temperature can 
be determined X X X X X X X  X
Can be made from a wide 
variety of materials X X X X X  X X X X X X X
Can be made from a limited 
number of materials X X  X
Can determine local fouling 
factor X X X X X X X  X
Can determine only average 
fouling factor X X X X X X X
Results can be extrapolated 
to circular tube conditions X X  X X X X X X X X X X X ? ?
Results can be extrapolated 
to complex geometries ? ?  ? ? ? ? ? ? ? ? ? ? ? X ?
Easy to control X X X X X X X X  X X
Difficult to control X X X X ?
Stable operation during 
fouling test X X  X X X X X X X X X  ? X
Retains calibration X X  ? ? 7 X X X X X X X X X X
Low power requirement X X  X
High power requirement X X X  X X X X X X X X X
T - Touling fluid flows in circular tube 
A - Fouling fluid flows in annular duct 
II - Heating fouling fluid 
C - Cooling fouling fluid
1 - Annular geometry, indirect electric heating
2a - Thin-walled tube, indirect electric heating 
2b - Thick-walled tube, indirect electric heating 
2c - Thick-walled tube, transient technique
3 - Circular tube geometry, thermoelectric heating or cooling
4 - Annular or circular tube geometry, direct electric heating
5 - Annular or circular tube geometry, sensible heat of fluids
6 - Annular or circular tube geometry, condesning vapor
7 - Complex geometries














FIGURE 1.2 FOULING CURVES
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flowing past the deposit. The asymptotic mode may be described by an
exponential equation indicative of a constant 4>d and 4>r being directly
proportional to Rp until at the asymptote.
(25)Epstein' ' pointed out that the linear and falling rate modes may be the 
early events which if followed to completion would ultimately produce the 
asymptotic mode. This is especially true when there is scatter in the results.
In some fouling situations, an initiation period is required before 
deposition occurs on the heat transfer surface. This is represented by the 
delay time, 0D in Figure 1.2. Values of 0D are not predictable and appear to be 
random in nature or have a normal distribution about some mean value. 0D have 
been observed to be somewhat longer for new surfaces than for cleaned
surfaces.
(o8 on Qi )
Fouling curves of more complex shapes have been observed' These
curves can sometimes be broken down into one of the three above simpler modes.
1.5.1* Fouling models
The first attempt to describe fouling on a mathematical basis was made by 
Kern and Seaton^®»19)b They observed that the fouling resistance of several 
oil refinery heat exchangers appeared to increase asympotically with time. 
They suggested that the fouling transient could be approximated by
Rp = Rp [ 1 - exp(-0 0)] 1.8
#
where Rp and Rp are the fouling resistances at any time 0 and at asymptotic
conditions 0 + * respectively and 0 is a coefficient representing the rate 
*
of approach to Rp.
To explain the fouling transient, Kern and Seaton suggested by intuitive 
reasoning, that the net overall rate of fouling at any time 0 is the result of 
two simultaneous opposing rates, a deposition rate and a removal rate
dRp
d0
They also considered that is independent of time and 4>r is directly 
proportional to Rpt
dRp
$d = a d0
1.10
0=  0
$>r - 0Rp 1.11
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Under these conditions, the integration of equation 1.9 will yield
# $d
equation 1.8 with Rp* = —  . The time constant of the fouling transient ec is
1 # given by - . This represents the time it would take to reach Rp if fouling
proceeded linearly at the initial fouling rate and also the mean residence
(25)time of an element of fouling deposit on a heat transfer surface' J . ec could 
be used to distinguish between the falling rate and asymptotic fouling
transient'-*' .
(251Epstein' ' suggested that there is a conceptual problem over the 
possibility of removal co-existing with deposition at the heat transfer 
surface. For example, in the case of particulate fouling, how does a particle 
ever get deposited if it becomes subjected to removal as it approaches the 
heat transfer surface. There seems to be two possibilities for the removal 
process:
/  1 O  1 Q \
1. The removal of material already deposited on the surface' * .
2. The suppression of the deposition process^2,
(qii)
Charlesworth'* * attributed the removal process to three mechanisms:
1. Dissolution - This occurs when the deposit formed at the heat transfer 
surface dissolves into the bulk fluid.
2. Spalling - This is due to the mechanical stresses set up in the fouling
(95)layer by temperature gradients. Loo and Bridgewater' ' have provided a 
mathematical basis for this removal mechanism.
3. Erosion - This is due to the shear stress acting at the deposit-fluid
interface. The nature of the fouling deposit and the velocity of the fluid
(96 -99)govern this removal mechanism. However, Cleaver and Yates' ' have
argued that shear is not capable of generating a sufficently large 
’lifting force* to dislodge particles from a surface. According to their 
theory, removal occurs as a result of randomly periodic and randomly 
distributed turbulent bursts. These bursts originate and cover less than
0.5% of the fouled surface at any instant. These bursts act as minature 
tornadoes which have the ability to lift deposited material from the 
surface. The evolution of turbulent bursts away from the surface produces 
a ’back sweep’ of the fluid back to the surface. Such movement could 
provide the basis of the deposition process. For a given deposit and fluid,
16
a minimum friction velocity is required before removal will occur.
The Kern-Seaton model constitutes the basis for most of the fouling models 
that have appeared in the literature. These fouling models have been reviewed 
in general^2* ^ ’^  1**20,2•^ 2^*^’1^1^  and according to their particular fouling 
category^,1*2,^ ^,^ ^ 57,62)^ These models differ essentially on the functional 
dependence of the operating variables on and 4>r. Unfortunately, due to the 
complexity of the fouling process, these models are highly simplified, 
semi-analytical and only have a limited applicability. None of these models 
incorporates all the variables likely to affect the overall fouling process. 
The models tend to only incorporate the transfer variables such as time, 
velocity, concentration and temperature. Other factors such as the nature and 
the condition of the heat transfer surface, the characteristics of the 
fouling fluid, the nature of the fouling deposit, the geometry of the heat 
transfer equipment, the variation of the properties of the fouling fluid due 
to process fluctuation and the simultaneous action of the different fouling 
mechanisms are ignored.
Attempts to elucidate general fouling models have been minimal. To date,
(2 2 )two general models have been reported in the fouling literature. Pinheriov '
deduced a semi-analytical generalised model by recognising the similarities
between the models proposed by Watkinson and Epstein^1 and
Gudmundsson^^ for particulate fouling, Taborek et al^2  ^ for
crystallisation fouling and Crittenden and Kolaczkowski^102  ^ for chemical
(21)reaction fouling. Sandu and Lundv ' derived a general fouling model from 
momentum, mass and heat transfer considerations.
1.6 Deposit characterisation
One of the research needs for the ’process analysis’ approach that was
(12 )summarised by Somerscales' ' called for a better understanding of the 
influence of the deposit characteristics on the overall fouling process. To 
date, very few papers on deposit characterisation^ 1 °3~106) have t>een reported 
in the fouling literature. This can be attributed to the difficulties 
associated with the identification of the materials found in a typical 
fouling deposit and the removal of deposits from their substrates which may 
involve partial/total destruction of the heat transfer equipment^ 1 The 
problems concerning the isolation and characterisation of deposits have been
17
highlighted by Mansfield and W a l t e r s ^ f o r  cooling water systems and 
Duddridge^ 1 for biofouling systems.
The type of deposit formed on a heat transfer surface is dependent on the 
nature of the feedstock and the conditions of the fouling environment^ 
Nelson^1^ 0^  describes three types of deposits which are found in heat 
transfer equipment, namely
1. Hard deposits: Examples of this type of fouling deposit are scale, 
corrosion scale, rust and coke. The fouling resistance of these deposits 
increase almost linearly with time. Such deposits are tenacious and their 
removal can only be effected by
a. dry sandblasting
b. mechanical methods eg rodding, scraping, etc
c. chemical cleaning
2. Porous deposits: These deposits are essentially the same material but 
containing trapped fluid whose thermal conductivity is generally lower 




3. Loose deposits: Examples of this type of fouling deposit are silt, mud,
algae, powdered coke and soft carbonaceous material. The fouling
resistance of these deposits is largely dependent on the properties of the 
trapped fluid. The removal of these deposits is usually accomplished by
a. wet sandblasting
b. mechanical methods eg rodding, scraping, etc
c. the use of a high fluid velocity
Fouling deposits are often complex and non-homogeneous. The complexity of the 
deposit is generally due to the strong interactions between two or more of 
the fouling categories identified by Epstein^ ^ " * 1 7,25,35). xhese interactions 
may cause mutually reinforcing (ie. synergistic) or weakening effects. 
Fouling deposits which are stratified in two or more layers have been 
observed in several fouling situations^20,2^ ^ ' 110-11 9).
Industrial fouling deposits are rarely described in detail. Cooling water
deposits invariably consist of a complex mixture of the constituents listed
in Table j.ijC 120,1 21 Many of the microorganisms found in cooling water
18
TABLE 1.4 NATURE OF COOLING WATER DEPOSITS(121^













Iron and/or aluminium phosphate 
Miscellaneous debris 




systems possess the ability to exude hydrated polymeric slimes^^. These 
slimes, which consist mainly of polysaccharides and polypeptides,
1. enable the microorganisms to adhere to the heat transfer surface
2. protect the microorganisms from physical and chemical attack
3. capture food (suspended organic matter) for the microorganisms 
entrap the other constituents present in the cooling water
The main types of microorganisms likely to cause problems in cooling water
systems are listed in Table 1.5. Refinery deposits consist of a mixture of
(1 2 2-12*0inorganic salts, corrosion products, organic polymers and/or coke' . A
survey carried out by Coggins^^5) gives a summary of the nature of deposits 
found in gas-making units. This summary is shown in Table 1.6.
Data sheets for the characterisation of fouling deposits have been 
reported in the l i t e r a t u r e ^ A  full description of any fouling 







Each of these deposit characteristics will be discussed in turn.
1.6.1 Deposit thickness
Information on the estimation of deposit thickness is limited in the 
fouling literature. Techniques used by various investigators for the direct 
measurement of deposit thickness include
1. the microscope^ ^  ^^/travelling microscope ^ ^7* 138) focussing method
2. the conductance method^06,1 36,1 39 1 43)
M  4413. the use of a graduated probe' '
( 1 I15 —1 117 )
4. the use of a micrometer'
The main disadvantage of these methods is the need to dismantle the test 
section from the fouling experimental rig for the measurement of deposit 
thickness. From a practical viewpoint, it is more advantageous to estimate the 
deposit thickness from in-situ measurements of thickness-related variables 
such as the fouling resistance and the fluid frictional velocity than to
20




Harmful Effects on 
Cooling Systems
Filamentous Type Stringy, slippery, Fouling
SuI fur-depositing grey or
Iron-depositing grey-green
Streptomyces
Corrosive Black, granular Metal corrosion;
Desulfovibrio appearance; gas formation
Clostridium grow under
(spore-forming) slime, deposits
Nonspore-Forming Gelatinuous, floccu- Fouling; gas
Flavobaoterium lant substance formation;
Alcallgenes resembling protection of
Pseudomonas mucus; corrosive
Achromobacter may be coloured bacteria
Aerobaoter
Muco Ids
Spore-Forming Gelatinous; may Fouling;
B.subtilis be stringy; protection of
B.oereus may be coloured corrosive
B. megatherium bacteria
B.mycoides
Fungi, Spore- Stringy, fluffy Fouling;
Forming Molds or matted; wood decay;
Aspergillus normally colour­ formation of




Fungi, Yeast-Type Leathery, rubbery Fouling;
Monillia or resembling formation of




Algae Loose; slimy or Fouling;
Chroococcus rubbery; green protection of
Osoillatoria or blue-green; corrosive









Hard, Brittle, Scaly 57 19 26
Massive, coke-like, spongy 17 7 -
Finely divided powder 17 9 36
Scaly + spongy 5 28 15
Spongy + powder - 4 -
Powder + scaly - 24 11
Scaly, spongy + powder 4 9 11
Frequency of deposits 
becoming serious:
0 - 5 weeks 36 24 40
5 - 1 0  weeks 9 34 30
10 - 20 weeks 27 22 20
20 - 52 weeks - 9 10
More than 52 weeks 28 11
TOTAL (Actual) 23 55 20
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directly measure the deposit thickness. The various techniques that have used
for the indirect measurement of deposit thickness are outlined in Table 1.2.
As fouling is a complex process involving deposition and removal, the
variation in the local fouling deposit thicknesses can be quite considerable.
This variation is clearly seen in Figure 1.3 for a typical ’uniform’ CaCO^
scale thickness profile across the heated section of an annular constant heat
flux exchanger^ 1 A sevenfold variation has been reported for
( i up 1 113 )
biofilms' * Clearly, the overall thickness of a fouling deposit can
only be best represented by an average value.
The shape of the deposit thickness profile is strongly influenced by the 
tube wall temperature distribution of a heat exchanger. Uniform^130,148) and
( 1 lit: 1 llQ-1 5 3  )
non-uniform' J profiles across the heat exchanger have been
(1 UQ)reported in the literature. Hasson' found the Na2S02| scale thickness
profile across the heat exchanger to be dependent on whether the solution is
circulated in a closed or an open circuit. This dependency is shown in 
Figure 1.JJ. Clearly, the closed circuit operation is characteri sed by 
relatively high local deposition rates in the downstream portion of the 
heated tube while the open circuit operation is characterised by relatively 
lower local deposition rates which increase almost linearly in the flow 
direction. The reasons for this marked difference are not clear. Eccentric 
scale^1-^, magnetite^ 1 ^ *0 and COke ( 11 1 ^ 5) profiles due to the unequal
circumferential tube wall temperature distribution have also been reported.
1.6.2 Deposit mass
The mass of the fouling deposit can be obtained directly by
1. weighing the test section before and after the experimental run on a 
dry(10<t.156-l67) orwet<1°5.168) basis.
2. weighing the test section before and after cleaning at the end of the 
experimental run^ ^ ’1 \
( 1 7 0}
3. measuring the change in mass of the test section periodically' ' ' or
(1 7 3)
continuously' J/ with time.
Alternatively, it may be more advantageous from a practical viewpoint to 
estimate the deposit mass from in-situ measurements of mass-related 
variables such as the fouling resistance. The various techniques that have 
been used for the indirect measurement of deposit mass are outlined in
23
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Table 1.2.
Alternative methods for expressing the deposit mass have been reported in 
the fouling literature. Taylor et al^1^  1^ ^  and Watt et al^1"^  measured 
the deposit mass in terms of the amount of carbon in the C02 formed by the 
reaction between the carbonaceous deposit and oxygen in a tube furnace and 
the conversion of any CO formed by the reaction. Duddridge^1 and Bryers 
and Characklis^ 1 80) describeci the various methods that have been used for 
the determination of the amount of biofilm accumulation. A list of these 
methods is given in Table 1.7. Due to the lack of sensitivity and precision or 
the direct and indirect methods of mass measurement, the 'initial* phase of 
biofilm development can only be monitored by methods which measure the amount 
of a particular biofilm/cell constituent. However, any method of mass 
measurement can be used to monitor the 'growth' and 'plateau' phases of biofilm 
development.
1.6.3 Deposit morphology
Studies of the fouling deposit morphology have been carried out using
1. optical microscopy^1,106,11 4,1 27,15 2,159,1 79-186)
(6,27-30,56,104-106,1 33,1 34,146,1 50,151,174,1 77,
2. scanning electron microscopy 1^3-204)
3. transmission electron microscopy^ 1 ° ^ ’ 1 1
The morphology of a fouling deposit can strongly influence the heat transfer 
rate^ 1 ^ ,1 ®1 and the residence time of the liquid in the boundary layer
adjacent to the heat transfer surface^200^.
Few attempts have been made to correlate the deposit morphology with the 
operating variables of the fouling process. The deposit morphology is 
strongly dependent on temperature. Watkinson^ 1 **2  ^ observed that the CaCO^ 
scale formed in a steam heated annular test section at relatively low 
temperatures was compact and rough while the CaCO^ scale formed at higher 
temperatures consisted of a fluffy top layer and a consolidated powdery 
bottom layer. The electron micrographs obtained by Scott and Dawson^1^1  ^
revealed the CaCO^ scale formed in an electrically heated annular test 
section at temperatures below 28°C is predominately calcite crystals while 
the CaCO^ scale formed at temperatures above 40°C is predominately needle­
like aragonite crystals. Several workers^ 1 »^f1 45,153»154,205,206) f0uncj ^he
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TABLE 1.7 MEASUREMENT OF BIOFILM ACCUMULATION^ 106 5 1795 180)
A. DIRECT MEASUREMENT OF BIOFILM ACCUMULATION
Thickness
Mass
B. INDIRECT MEASUREMENT OF BIOFILM ACCUMULATION
Heat transfer resistance 
Frictional resistance










Total viable cell bacterial counts








crystal form of CaSO^ scale in sea water distillition units to be dependent 
on the brine temperature and concentration. This dependency is clearly shown 
in the solubility diagram of CaSO^ in sea water given in Figure 1.5.
(129)In the operation of power stations with organic coolants, Bogdanov' ' 
noted that at the lower temperatures, the deposits were amorphous in nature 
while at the higher temperatures in the vapour phase, the deposits were 
transformed into a hard crust. Smith^2(^  found the temperatures below the 
break point temperature, jet fuel deposits were powdery and relatively 
loosely adherent to the tube wall while at temperatures above the break point 
temperature, jet fuel deposits were hard and firmly adherent to the tube wall. 
Khater^-^ observed that the deposits formed in a hydrocarbon vapouriser at 
relatively low temperatures were generally soft, spongy and light brown and
consisted of a fine porous structure of near-spherical particles while the
deposits formed at higher temperatures were hard, brittle and black and
consisted of a filament and plate-like structure with few spherical
particles. Kneil et al^20^  reports that the coke formed in a vapour phase 
thermal cracking furnace at extremely high temperatures consist of a 
filament-like structure.
Hermans^20^, in his study of milk fouling on heat transfer surfaces, 
observed that
1. at 50°C, the deposits were white and consisted of a hard sandpaper-like 
structure.
2. between 50°C and 100°C, the deposits were essentially the same as for 50°C 
with a soft, wool-like structure containing denatured proteins.
3. at 100°C, the deposits become harder and slightly discoloured due to the 
increase in the mineral content.
4. between 120°C and 150°C, the deposits were brown in appearance.
Frankenfeld and T a y l o r ^ s t u d i e d  the effect of the dissolved oxygen
content on the morphology of jet fuel deposits. Their electron micrographs 
revealed the air-saturated fuel deposits consist of numerous near-spherical 
particles on a varnish-like background while the deoxygenated fuel deposits
consist of few near-spherical particles on a varnish-like background.
(199) (?oo)Braun' and Braun and Hausler' ' found the morphology of refinery











































FIGURE 1.5 THE SOLUBILITY OF CALCIUM SULPHATE IN SEA WATER AS A 
FUNCTION OF TEMPERATURE(154}
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The addition of antifoulants to the fouling process can have a marked 
effect on the amount of deposit accumulation^ 0,211 ^ and the deposit 
morphology^ 1 ^ ^ 2 ’ 2 0 2 ,21 2 .^ Generally, there are four types of





A variety of corrosion inhibitors, oxygen scavengers, antipolymerants and/or
(2 1 0 2 1 1)metal deactivators may also be included with the antifoulant * 
Scanning electron micrographs which depict the effect of various
antifoulants on the morphology of calcium carbonate and calcium phosphate
(1921 (1911scales have been presented by Harris and Marshall' * ' and Thurston'
respectively. A set of micrographs given by Hodgson and Smith^®1  ^ illustrate
the transition from hard to soft scale in the presence of increasing
concentrations of a particular chemical additive in sea water.
1.6.4 Deposit physical properties
1.6.4.1 Deposit density
(121Information on deposit density is limited in the fouling literature' 1 
This is due to the difficulties in obtaining accurate in-situ measurements. 
In most fouling situations, the deposit density varies during the course of 
deposition^\ Clearly, the value of deposit density is highly dependent on 
the conditions existing at the time of measurement. The deposit density can 
be obtained ex-situ by
1. using a pyknometer^^2 .^
2. measuring the mass of dry deposit and estimating the volume of wet
d e p o 3 i t < 2 i , - 9 1 ' 1 3 3 . 1 3 6 , 1 3 9 , 2 1 5 ) i
3. measuring the mass per unit area and the average thickness of the
deposit^ ^ °3J 0*1,1 35,21 6) ^
A collation of the fragmentary data on deposit density is given in Table 1.8.
Mansfield^1  ^and Mansfield and Walters^1 ^, in their study of cooling
water fouling in an open recirculating system, found the density of cooling
water deposits to be dependent on
29







2600 .. (152) Watkmson
CaCOg scale - aragonite 2760
2400-2500
. ,(148, 217) Hasson et al ’
„ , _ .(218) Hasson and Perl
CaSO^ scale 2700-3000
2135
+ , (14 5 ) Hasson et al
_ . . (154)Liddle
Sea water scale 500-1050 r j t • (133>Little and Lavoie
Magnetite deposits - e= 0.7-0.9,
Rooth et a l ^ ^ ^no chimneys, boiling 700-1600
Corrosion products - BWR 500-1600
(94)
Charlesworth
Biofilms 20 - 105 u , , D (139) Hoehn and Ray
Biofilms - laminar flow conditions 30 - 100 Characklis et a l ^ ^ ^
Biofilms - turbulent flow conditions 5 - 5 0 p, , , . ,(24, 136, 215; Characklis et al
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1. the material of the heat transfer surface
2. the operating control of the recirculating system
3. the heating of the recirculating system 
Their results are summarised in Table 1.9.




( ph pi c )
3. glucose loading ratev ’ 3'
(1391Hoehn and Rayv J ' measured the biofilm density as a function of thickness
for approximately 100 samples. From their results shown in Figure 1.6, they
concluded that the biofilm density with respect to thickness first increases
rapidly to a maximum and then decreases sharply to an asymptote. To explain
this variation, they postulated a sequence of events that occur during the
development of the biofilm. These events are summarised in Figure 1.7. 
(2H)Characklis et alv ' observed the biofilm density increases with increasing 
fluid velocity. This dependency, illustrated in Figure 1.8, was thought to be 
caused by one of the following phenomena:
1. the selective attachment of only certain microbial species from the 
available population
2. the microorganism response to environmental stress
3. the fluid pressure forces ’squeeze’ loosely bound water from the biofilm 
Characklis et ai(2i*»2 15) noted the biofilm density increases non-linearly 
with respect to glucose loading rate. This dependency is shown in Figure 1.9.
1.6.4.2 Deposit thermal conductivity
Due to the difficulties in obtaining accurate in-situ measurements, 
information on the deposit thermal conductivity is limited in the fouling
(ip)
literature^ . In most fouling situations, the deposit thermal conductivity 
varies during the course of deposition^®^. Thermal conductivity data for 
various fouling deposits is given in Table 1.10.
Attempts to estimate the effective thermal conductivity of porous 
deposits using theoretical models have been minimal. Cohen^*^ estimated the 
effective thermal conductivity of magnetite deposits in water cooled 
reactors using the Maxwell model:
31















NO HEAT TRANSFER Synergised chromate treatment/ 0.3 2000 hrs. Mild Steel i+82 283 9
M .. , .(103) 
Mansfield
Ryznar index control Stainless Steel 347 179 4
Alumbro 215 82 4
Polypropylene 321 257 9
Synergised chromate treatment 0.3 87 days Mild Steel 507-1324 - - Mansfield and Walters^104^
Stainless Steel 387- 773 - -
PVC 100-184 - -
Ryznar index control 0.3 87 days Mild Steel 190-2220 - - Mansfield and W a l t e r s ^ ^ 4 ^
Stainless Steel 137- 538 - -
Alumbro 40- 141 - -
PVC 30- 81
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FIGURE 1.6 THE VARIATION OF BIOFILM DENSITY WITH THICKNESS '
33
FIGURE 1.7 THE SEQUENCE OF EVENTS WHICH OCCUR DURING BIOFILM DEVELOPMENT
M  39)
POSTULATED BY HOEHN AND RAY TO EXPLAIN THE VARIATION OF
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(a) ^ ^ow density gelatinuous matrix is formed on the
substrate by the sparse microbial population.
(b)
(c)
Microbial growth is accelerated and unimpeded by the 
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Organisms in the lower layer begin to die when oxygen 
becomes limiting. Facultative organisms cease 
functionally aerobically and begin fermentation reactions 
Conditions become suitable for growth of a few anaerobic 
organisms. The lysing of aerobic organisms provides 
nutrients that are consumed by the surviving organisms 
in the upper layer. This causes a sharp decrease in 
biofilm density.
(e) w S y S S S S ?
O  r u  C  c u j u r v  ■)
Facultative and anaerobic organisms begin to adjust to 
the new environmental conditions and are growing near/at 
maximum rates. The increased growth where organisms lived, 
died and were consumed causes the gradual deceleration of 
the rate of decrease in biofilm density.
(f) A steady state is achieved with respect to the death rate 
of aerobic organisms and the growth rate of facultative 
and anaerobic organisms. The biofilm density stabilizes.
(g) The steady state conditions persists until the food reserves 
at the substrate surface are depleted. When this occurs, 
the organisms near the substrate surface die and lyse.
Due to the weakening of the structure of the biofilm, 
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TABLE 1.10 DEPOSIT THERMAL CONDUCTIVITY DATA
FOULING DEPOSIT THERMAL CONDUCTIVITY 
( W /mk )
SOURCE




1.70 - 4.60 u  .I.- (152>Watkinson
2.26 - 2.93 Characklis et al^^"^
CaCOg scale - porous 0.35
(219)
Capper
CaCOg scale - aragonite 1.69
 ^ .(148,217) 
Hasson et al





0.74 t -aa, ( 1 5 4 )Liddle
2.31 Characklis et a l ^ ' J^
C a (  PO, ) scale 
3 4 2
2.60 Characklis et al^~^^
Cooling water deposits 1.38 - 3.22 *. , ,(103 ) Mansfield
Coal ash deposits 0.02 - 1.93 Boow and Goard^t/^





e = 0, no chimneys, non boiling 5.1 Rassokhim et a l ^ ^ ^
e = 0, 10u chimneys, non boiling 3.0 - 3.2
e s 0, 10g chimneys, boiling 18.3 - 24.2
c s 0.33, no chimneys, supercritical boiling 1.51 - 3.49
T ...  ^ .(134) 
Ishikawa et al
e s 0.65, no chimneys, supercritical boiling 1.3 - 2.6 e ,, * ,(224) Haller et al
E s 0.7-0.77, 5p chimneys, boiling 1.0 - 2.0 u • v, , ( 1 * 6 )  MacDeth et al
e = 0.7 - 0.9, no chimneys, boiling 0.15 - 1.30
,(135) 
Rooth et al
Corrosion products - BWR 0.69 - 0.84 c a . ,(1*7) Breden et al
- LMFBR 0.07 - 0.29 Cohen and Ef ferding^^"’^
Iron sulphide scale 1.25
d -,,(150) Burn 11
Coke 0.29 - 0.86 C K i . ,(130) Scarborough et al
Gas oil deposits 0.28 - 1.06 Watk inson^ 8 ^
Jet Fuel deposits 0.12 Watt et al(1?8)
Biofilms 0.52 - 0.71 Characklis et al( >2i5>
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k kf 1 + 2 X - 1.12
eri 1 1 + 2X + ^(X-1 )
where x is the ratio of the thermal conductivity of the fluid phase and the
kf
particulate phase, 7- and 41 is the fractional volume of the particulate phase,
kp
VD
-— For a magnetite deposit of 65% porosity in water, he computed ke to V f + V p
be 0.78 W/m k(2 2 6,227)^ cohen and Efferding^22-^  found good agreement between
the effective thermal conductivity data for crud deposits of 60-70% porosity
and 50-75 pm thick in a model sodium heated steam generator and the effective
(2241thermal conductivity data computed from the Maxwell model. Haller et alv ' 
estimated the effective thermal conductivity of magnetite deposits in once- 
through supercritical boilers using a parallel-series model:
k „  . k. ________ X [1-» (1-x)]____________  . ,,
etr r ax + (1-Y)[1-* (1 - X)DC X +* (1-X)]
where a is the fraction of the total deposit thickness that can be 
represented by the parallel arrangement of particles and pores with respect 
to the direction of heat flow. For the following range of parameters:
Pressure 207-276 bar
Heat Flux 1.58x105-6.31x105 W/m2
Fluid Temperature 282-393 °C
Porosity 0.65-0.75
2
Deposit mass/unit area of surface 0.064-0.306 kg/m
they correlated 110 data points with a standard deviation of 10.156.
Measurements of the effective thermal conductivity of various porous
deposits have been made
1. in-situ(5-13^35,223-335)
2. ex-situ using a. the axial flow method^ 1 ^6>220,222)
b. the radial flow method^222^
Further details on ex-situ thermal conductivity measurement methods can be
found in an excellent monograph by Parrott and Stuckes^22®^ .
(2201Boow and Goard measured the effective thermal conductivity as a
function of temperature for ash deposits found in pulverised coal-fired 
boilers. As shown in Figure 1.10, they found the effective thermal
37
with temperature as a function of particle size while the effective thermal 
conductivity of sintered coal ashes increases rapidly and irreversibly with 
temperature.
(222)Ivanov and Chudnovskayav ' investigated the variation of the effective 
thermal conductivity with temperature for each of the three layers which 
comprise the ash deposit in oil-fired boilers. As shown in Figure 1.11, they 
observed the effective thermal conductivity for the middle and bottom layers 
increase moderately with temperature while the effective thermal 
conductivity for the top layer increases sharply with temperature. The 
difference in the variation of the effective thermal conductivity with 
temperature for each layer was attributed to the difference in the porosity 
of each layer since that for pore sizes < 0.5 mm, the mode of heat transfer 
through the pores is by conduction whereas for pore sizes > 0.5 mm, the mode 
of heat transfer through the pores is by conduction, convection and radiation.
Haller et al^222^  and Ishikawa et al^1^4) measured the variation of the 
effective thermal conductivity with temperature for magnetite deposits found 
in supercritical boilers. As shown respectively in Figures 1.12 and 1.13* they 
found the effective thermal conductivity of the magnetite deposits decreases 
with increasing bulk fluid temperature.
1.6.4.3 Deposit porosity
Information on deposit porosity is sparse in the fouling literature. The 
deposit porosity is defined as the volume fraction of the pores in the 
deposit layer^135,222). ishikawa et al^1^4) reported two techniques for the 
measurement of the deposit porosity, namely:
1. the evaporation method
2. the electrolysis exfoliation method
2 2 For magnetite deposits in the range of 0.05-0.18 kg/m and 0.22-0.43 kg/m , the
porosities are respectively 0.70-0.77^*^ and 0.65-0.75 ^ 222^ . 
( 1 3 4 )Ishikawa et aV J ' measured the radial porosity distribution for magnetite 
deposits in supercritical boilers and found it to be strongly dependent on 
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FIGURE 1.10 THE VARIATION OF EFFECTIVE THERMAL CONDUCTIVITY
(220)OF COAL ASH DEPOSITS WITH TEMPERATUREv '
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FIGURE 1.11 THE VARIATION OF EFFECTIVE THERMAL CONDUCTIVITY
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1.12 THE VARIATION OF EFFECTIVE THERMAL CONDUCTIVITY
WITH TEMPERATURE FOR MAGNETITE DEPOSITS FOUND 
IN SUPERCRITICAL B0ILERS(224)
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FIGURE 1.14 THE RADIAL POROSITY DISTRIBUTION FOR MAGNETITE
(134)
DEPOSITS IN SUPERCRITICAL BOILERS
41
1.6.4.4 Deposit roughness
Information on the deposit roughness is limited in the fouling literature. 
Order of magnitude measurements of the surface roughness have been made 
directly by means of
1. a profilometer^12 '^22  ^235)
2. an optical microscope^207,224,233-239;
3. a scanning electron microscope^232,233,237,238)
Instead of measuring the surface roughness directly, several 
workers^23-25,21 5,232,2331240) j^ave carried out pressure drop measurements 
across the test section for various fluid flow rates in order to express the 
surface roughness in terms of an ’equivalent sand grain roughness'. This is
either obtained either by comparing the computed friction factor-Reynolds
(241)number plot for the test section with the Moody' ' chart or from the
(242)empirical Colebrook-White' ' equation:
[°'87 - i7f] ,8.7
1*lliRe/ f i
where es = equivalent sand grain roughness
d = tube diameter
f = friction factor
Re = Reynolds number
A collation of the surface roughness data for various fouling deposits is
given in Table 1.11.
It has been long recognised by several workers that the surface roughness
can have a significant effect on momentum, mass and heat transfer under
turbulent flow conditions. The magnitude of this roughness effect is
dependent on the ratio of roughness height to hydraulic diameter or to
laminar sublayer thickness^2^ ^ . The incr>ease or decrease in the transfer
(243)rate is mainly dependent on the nature of the surface roughness , ie. the 
number per unit surface area, size, shape, orientation and distribution of the 
roughness elements.
In monitoring Rp as Jj ~ [j , it is not uncommon to obtain deceptively low
or even negative values of Rp during the initial stages of the fouling 
(2S 3S)process' This effect, clearly illustrated by the rippled silica fouling
42

















Re f MEASUREMENT TECHNIQUE REFERENCE
Fresh Water Scale 0.5 - 1.0 3.0 - 8.0 3 yrs m . 500 8000 . Increase by 57% 178.1 . Profilometer/Optical Microscope Wiederhold*33"*
0.5 - <*.0 *.0 -16.0 18 yrs 1.5-12.0 - 1950 - - - Optical Microscope GeBner'230*
Boiler Water Scale 0.025-0.0* 0.20-0.35 - - - . - - 38* . - - Optical Microscope/Electon Microscope Schoch et al(236)
0.02 -0.0* 0.18 -0.30 12720 hrs - - - . - 38* Increase by 70% - 1.6 x10S Optical Microscope/Electron Microscope Richter et al*238*
0.0*5 0.35 - - - - - - - - - - - Optical Microscope Bott et al(239)
0.1 0.8 - - - - - - - - - - -
0.01*2 0.193 18 mths - 0.013-0.051 15.75 0.65 268.6 - - - - -
0.0165 0.201 18 mths - 0.015-0.055 16.75 - - - - ' 1.2 «105 -2.0 xlO® 0.022 - 0.028 Optical Microscope Haller et al<22‘‘)
Sea Water Scale l.oa *.73 5 yrs 5.0 - 7.0 - 6.0 - - - 0.365 2.692 1.39«10S 0.01*8 Optical Microscope Bott et al(239)
Geothermal Water Scale 0.123 0.81 2000 hrs 0.25-0.3 - 10.26 2 - 80 - 0.38 *.* xlO* 0.028 Optical Microscope Bott et al(239)
Jet Tuel Deposit 0.025-0.076 50 hrs - - 2.79 - - 150 - - *.39xl03 - Optical Microscope Smith'207)
< 0.025 > 50 hrs - - 2.79 - - 150 - *.39xl03 -
data of Bott and G u d m u n d s s o n ^ 2 3 9 )  in Figure 1.15, results mainly from the
increase in heat transfer coefficient, h due to the disturbance of the
laminar sublayer by the deposit surface r o u g h n e s s T h i s  increase may
override the increase in Rp to cause - to be less than - . The negative value
h U UG
of Rp even at 8 = 0 arises from the violation of the assumption upon which
1 1  ( 1  Rp - - - - is based' that is there is no change in h due to fluid
U u0
velocity changes accompanying the reduced flow area or surface roughness
changes. However, the misleading result can be largely corrected for when the
effect of roughness on h is included in the calculation of Rp. This is clearly
(244)shown in Figure 1.16 where Mayo-Abad' recalculated the oil-gas and sand-
water fouling data of Watkinson and Epstein^1 01 ^ which ignored the effect
of roughness on h in the calculation of Rp.
(127)Rankin and Adamson' '' reported the role of surface roughness on scale 
formation on various sea water evaporator surfaces. They observed an increase 
in the substrate surface roughness due to the rapid growth on the peaks 
followed by a decrease in this roughness due to the filling up the valleys. 
The process of 'roughness eradication’ takes place rapidly when the 
constituents of a fouling fluid have dimensions comparable to the roughness 
dimens ions (20»59).
( C p\
Bott briefly outlined the effect of surface roughness on biofilm
formation on various substrate surfaces. The presence of roughness elements
on a surface can promote the retention of microbial particles by providing
sites less affected by the flowing fluid for the establishment of microbial
colonies. However, as the biofilm develops, the rough edges will be smoothed
off, masking the topography of the substrate surface. Such a biofilm, however,
(24 1411is usually viscoelastic with a relatively high viscous modulus' * , ie.
flexible and capable of deformation or rippling under the influence of the 
flowing fluid. Clearly, this will affect biofilm stability and nutrient and 
product diffusion rates. Characklis et ai(23,24,21 5) reported the change in 
the equivalent sand grain roughness due to the biofilm development in a 1.27 
cm I.D. tube at a given pressure drop. As shown in Figure 1.17, they observed 
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Studies of deposit adhesion on heat transfer surfaces have been quite 
extensive in the fouling literature. The various bonding mechanisms between a 
fouling deposit and a heat transfer surface are summarised in Table 
1t12(^5,246). clearly, a prerequiste for deposit adhesion on heat transfer 
surfaces is that the attraction forces must be greater than the repulsion 
forces. Mathematical expressions of the adhesion force have been obtained for 
ideal particle/surface systems^2^ ”2-^. However, due to the complexity of 
the fouling process, the adhesion of a fouling deposit to a heat transfer 
surface can only at best be described conceptually. Taborek et al^2® ^  ^
defined the deposit bond resistance, Rb as the adhesive strength of the
deposit per unit area at the plane of weakest adhesion. Based on limited 
observations, they speculated that:
1. Rb increases with the uniformity of the deposit structure.
2. Rb decreases with the deposit thickness due to the increase in the number
of planes of weakness.
3* Rb is a function of the original surface characteristics if the deposit- 
surface adhesion is weaker than the deposit internal adhesion.
In mathematical terms,
Rb “ * [ x ] a 1-15
where ! is a function of the deposit structure and a is an empirical constant 
Representing the probability of the presence of weak planes in the deposit 
layer.
Parkins^2'*1 »2^2) defined the sticking probability, S as the probability 
that a particle sticks at the instant it reaches the surface. EpsteinVJ ' 
listed three different approaches for the sticking probability:
1. Watkinson and Epstein^1^ 1  ^ defined S as the ratio of the adhesive forces 
(dependent on the surface temperature, Ts according to an Arrehenius-type 
relationship) binding a particle to the surface to the hydrodynamic forces 
(directly proportional to the average axial velocity in the laminar 
sublayer) on the particle at the instant it reaches the surface.
-E/RT
S « S—   1.16
V2 f
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TABLE 1.12 THE VARIOUS BONDING MECHANISMS BETWEEN A FOULING
(245 246)
DEPOSIT AND THE HEAT TRANSFER SURFACE
1. LONG RANGE FORCES
Van der Waals forces 
Electrostatic forces
2. SHORT RANGE FORCES










2. For the deposition of suspended particles on a surface, Beal^2-^ 355) 
defined the deposition coefficient, kd as
kd = )--L  -- 1.17
k + Svs
where k is the mass transfer coefficient and vs is the velocity of the 
particles normal to the surface. He also defined X as
X = --d-|S--- 1.18
kd IS=1
where k^|s=S *s the measured value of kd where S may be < 1 and kcj|s=-j is
the computed value of k^ where S=1. Beal^2-^*2-^ combined equations 1.17
and 1.18 to yield
kX
s = ----- ,--T 1-19k + v (1-X) s
3. For the deposition of colloidal particles on a surface, several 
workers(25,256 264) <jefinec[
c
*d= — 7  1-20
k k
where k is the mass transfer coefficient and < is the first order rate 
constant for the process of overcoming the surface energy barrier between 





S - k 1.22
1 ♦ L
k k
Sufficient reliable data are still unavailable to establish S with any
(S5)confidence by any of the three expressions'-* . Using the deposition data
experimentally obtained by Schmel^2^  267) for uranine-methylene blue
(5)particles suspended in air and by Watkinson'-" for sand particles suspended 
(254 255)m  water, Beal' » correlated the sticking probability as a function of
48
dimensionless stopping distance, S+. This is shown respectively in Figures 
1.18 and 1.19. He found the equation of the least squares line for Schmel's 
data to be
S = 1 S+ < 4.5.
1.23
s = [ ^ ] 3 S+ > 4.5
and the equation of the least squares line for Watkinson’s data to be
S = 1 S+ < 2.4
1.24
s = s+ - 2>lj
Excellent reviews of the adhesion of microorganisms to surfaces have been 
presented by Corpe^1®-^, Corpe and Winters^1®^, Lips and Jessup^2^^, 
Marshall^^69)^ RUtter an(j Vincent^2*^, Tadros^2^1 \  Rutter^2^2\  Norde^2^), 
Kent^"^, Duddridge et al^2*^and P o w e l l F a c t o r s  that will determine 
whether or not an individual microorganism will become attached to a solid 
surface include^2?6)
1. the environment
2. the attachment mechanism
(1 871Two stages of microbial adhesion have been recognised^ a reversible
attachment stage followed by an irreversible attachment stage.
Microorganisms, especially bacteria, possess a net charge and because of 
their small size and low density, they may be considered as living colloid 
particles^^*2^^. Some of their behaviour at surfaces may be explained by the 
classical DLVO colloid theory^277,278). This states the total interaction 
force between a particle and a surface, Ft is the sum of the van der Waals 
attractive forces, Fa and the electrical double layer (electrostatic) 
repulsive forces, Fr. A typical total interaction force-separation distance 
plot is given in Figure 1.20. This clearly shows
1. a particle is able to approach the surface up to the point of ’secondary 
minimum’ (typically 5-10 nm from the surface)
2. an energy barrier, representing a compression of the electrical double 
layers, must be overcome before a closer approach of the particle to the 
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FIGURE 1.20 A TYPICAL TOTAL INTERACTION FORCE - SEPARATION 
DISTANCE PLOT.
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It can be qualitatively concluded from the DLVO theory that
1. The reversible attachment stage refers to the weak physical attraction of 
microorganisms to a surface at the ’secondary minimum'.
2. The irreversible attachment stage refers to the firm adhesion of 
microorganisms to a surface at the 'primary minimum'. In order to overcome 
the energy barrier, some mechanism other than the physical interaction 
between the microorganism and the surface must be available to the 
microorganism. The bridging of the energy barrier is either due to
a. the microbial surface appendages such as flagella, pili & fimbraie, 
prosthecae
b. the extracellular polymeric slimes
The exact mechanism for polymer bridging is not yet fully 
understood^-^'2^^. Since various modes of attachment to surfaces are 
known, it might be assumed that a wide variety of bridging polymers is 
involved. The different forms that a bridging polymer can take up have 
been illustrated^
It should be noted that the DLVO theory is insufficient to explain the 
microbial adhesion to surfaces quantitatively because^^'2Y0,2Y1 ^
1. the microorganisms have surfaces over which different localised charges 
can occur
2. the microorganisms are complex and non-homogeneous
3. the microorganisms are irregular in shape
4. the microorganisms may change with time
5. the microorganisms may attach specifically with the surface
An alternative approach to describe the microbial adhesion to surfaces is 
that of surface 'wettability'^2^ ’2®0 .^ As a result of the presence of a liquid 
film which wets both particle and substrate surface, a considerable capillary 
pressure develops; this provides a substantial adhesive force. The net 
surface free energy resulting from adhesion, AF is given by
AF = (YpS“ YpL - Yls) Aa 1.25
where YPS = interfacial tension between the particle and the substrate
surface
YpL = interfacial tension between the particle and the liquid
yLS “ interfacial tension between the liquid and the substrate surface
52
A. = area of adhesiona
If AF is negative, adhesion takes place, whereas if AF is positive, adhesion
is restrained. To evaluate AF, Yps, YpL and YLS must be determined. The most
successful practical method is through contact angle measurements which can
be used for establishing the critical surface tension of wetting of the
substrate. In this method^ 2^ ,2®2\ the surface tensions of a homologous
series of liquids are plotted against the cosines of the corresponding
contact angles of a drop of each liquid on a substrate. The resulting linear
plot is then extrapolated to cos <p = 1 to obtain the critical surface tension
for wetting, Yc. If Yc is high, adhesion occurs whereas if Yc is low, adhesion
is restrained. The minimum Yc required for microbial adhesion to surfaces has
2(283)
been suggested to be 0.02-0.03 N/m
Due to experimental difficulties, few attempts have only been made to
(1 27)measure deposit adhesion to heat transfer surfaces. Rankin and Adamson '
used a balanced beam scrape adhesion tester to evaluate scale adhesion on
various sea water evaporator surfaces. They expressed scale adhesion in terms
of the beam loading required to break the scale from the surface. 
(249 250)Visser' briefly discussed the various techniques that have been used
by several investigators to measure particle adhesion to surfaces. These 
techniques, listed in Table 1.13* mostly express particle adhesion in terms of 
the minimum force required to separate a particle from the surface. The 
various techniques that have been used by several investigators to measure 
microbial adhesion to surfaces was recently reviewed by Fowler and
(pftii}
McKay' . A list of these techniques is given in Table 1.14.
Factors which influence deposit adhesion include
1. substrate surface roughness^ 27,249,250,285)
(249 250)2. ’particle* surface roughness' '
3. substrate material^127,285)
4. substrate surface coating^110* 127,158,1 64,286)
5. tem p era tu re^ 2 ^ ’2 " ^
6. surface shear stress^2^*2®^^
f 127)Rankin and Adamson' ''observed the adhesion of sea water scale to a 90-10 
CuNi substrate to be a strong function of the substrate surface roughness. 
They found the beam loading required to break the scale from smooth surfaces 
(0.0508-0.1270 pm) was less than 5 kg whereas the scale did not break from
53
(249 250)
TABLE 1.13 MEASUREMENT OF PARTICLE ADHESION TO SURFACESv '





Electrostatic field method 
Microbalance/Springbalance method 
Pendulum method
Elastic deformation method 
Jump method




TABLE 1.14 MEASUREMENT OF MICROBIAL ADHESION TO SURFACES
A. BIOFILM DETACHMENT METHODS
’Adhesion number’ tests 
’Critical force’ tests
B. DYNAMIC MEASUREMENT METHODS
Flocculation method 
Column penetration method 
Radial flow growth chamber
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rough surfaces (1.016-1.270 ym) at maximum beam loading of 10 kg. 
(2M9 2601Visser' J ' briefly discussed the influence of surface roughness on
particle adhesion to surfaces. Experimental observations have shown that an 
increase in surface roughness leads to
1. a decrease in adhesion if substrate surface roughness dimensions <
particle surface roughness dimensions
2. an increase in adhesion if substrate surface roughness dimensions =
particle surface roughness dimensions
Masurovsky and Jordan^investigated the effect of the substrate surface
finish on the adhesion of milk to a stainless steel substrate. Table 1.15
lists their results for twelve different surface finishes. They found little
difference between the finishes, the major divisions occuring between (i)
ground and polished finishes, (ii) cold-rolled sheet finishes and (iii)
vapour and sand blasted finishes.
(1271Rankin and Adamson' 1' found the adhesion of sea water scale to a
metallic substrate to be a weak function of the substrate material. They
observed the order of decreasing adhesion strength to be CuNi alloys and
Monel; stainless steel; titanium. Masurovsky and Jordan^2®-^ studied 
extensively the adhesion of milk to various substrates used in the diary
industry. Their results revealed that the order of decresing adhesion
strength to be aluminium alloys; plastics; nickel alloys; stainless steel and 
copper alloys; glasses.
(1 27)Rankin and Adamson' 1' studied the effect of a thin polyfluorocarbon 
coating on a 90-10 CuNi substrate on seawater scale formation. They found the 
beam loading necessary to break the scale from uncoated surfaces to be five 
times that neccessary to break the scale from coated surfaces. This was 
attributed to the large difference in the substrate surface energy between 
uncoated and coated surfaces. McAllister et al^110  ^ found the rate of river 
water scale formation to be identical for the following:
1. uncoated admiralty brass tube
2. admiralty brass tube coated with a baked-on coating of a silicone 
dispersion in a phenolic solution
3. admiralty brass tube coated with a baked-on coating of a phenolic solution 
Palen and Westwater^1 studied the effect of a thin polyfluorocarbon 
coating on a flat aluminium heating strip on CaSO^ scale formation under
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TABLE 1.15 THE EFFECT OF SUBSTRATE SURFACE FINISH ON THE ADHESION
OF MILK TO A STAINLESS STEEL (TYPES 302 and 304)
( 28 5 }
SUBSTRATE





NET COUNTS/MINUTE CAUSED 
BY BACTERIA REMAINING ON 
SURFACES AFTER CLEANING 3
No.8 (Mirror) 0.0127-0.0305 3 b 3 c
No.7 (High lustre polish) 0.0254-0.1270 3 3
Electropolish 0.1778-0.2285 3 4
240-grit finish 0.4318-0.5080 3 4
No.6 (Tampico brushed) 0.1270-0.2032 3 4
No.4 (Standard ’commercial’) 0.2032-0.3048 4 4
No.3 (Rough polish) 0.2285-0.5334 4 5
Mill finish 0.2032-0.3302 4 10
2B (Bright cold rolled) 0.2032-0.5334 8 15
2D (Dull cold rolled) 0.127 -0.8128 11 19
Vapour blast 1.0668 12 19
Sand blast 3.556 21 26
a A measure of adhesion strength.
b Fouling of test substrates with an Eschericha coZi suspension
in homogenised whole milk.
c Fouling of test substrates with a M'Levococcus pyrogenes var. aureus
suspension in homogenised whole milk.'
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boiling conditions in a batch system. From their experimental observations, 
they found the surface coating deterred scale formation. This was also 
observed by Kos and Tao^2®^ who compared the effect of uncoated and 
polyfluorocarbon coated tubes on CaSO^ scale formation in an evaporator with 
a continuous feed system.
Taylor^1^  studied the effect of various polymeric surface coatings on a 
titanium alloy substrate on jet fuel deposit formation. As shown in Figures 
1.21 and 1.22, he found the surface coating did not eliminate the formation of 
deposits, but on the contrary, increased the amount of deposit formation at 
temperatures above 177°C. The relative rates of jet fuel deposit formation on 
five different coated titanium alloy substrates at 204°C and 0.21 bar is 
summarised in Table 1.16
Visser^2^>250) briefly discussed the influence of temperature on particle 
adhesion of surfaces. At elevated temperatures, particles may undergo 
sintering. This will cause an increase in the contact area thus an increase in 
adhesion.
Using the radial flow growth chamber, Duddridge et ai(274,287) 
investigated the effect of surface shear stress on the adhesion 
of Pseudomonas FVuovesoens to a stainless steel substrate. Their
experimental results given in Figure 1.23 revealed
1. the maximum level of attached bacteria occured in regions of lowest 
surface shear stress, particularly less than 6-8 N/m .
2. the level of attached bacteria decreased markedly with increasing surface 
shear stress up to a 'critical* shear stress above which the decreasing 
rate of attachment levelled off, ie. between 6-8 N/m .
3. the attachment of bacteria was still noticeable at surface shear stresses 
up to 130 N/m2.
1.6.4.6 Deposit strength
Information on deposit strength is sparse in the fouling literature. The
(7)deposit strength, sometimes referred to as deposit toughnessv , is used to 
characterise the structure of the fouling deposit. Factors which influence 
deposit strength include
1. the fluid velocity^2^











FIGURE 1.21 THE EFFECT OF A POLYIMIDE POLYMER COATING (COATING B) 
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FIGURE 1.22 THE EFFECT OF A FLUOROCARBON POLYMER COATING 
(COATING E) ON A TITANIUM ALLOY SUBSTRATE ON 
JET FUEL DEPOSIT FORMATION^164 \
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TABLE 1.16 A SUMMARY OF THE EFFECT OF POLYMERIC SURFACE COATINGS 
ON A TITANIUM ALLOY SUBSTRATE ON JET FUEL DEPOSIT
formation(164)
COATING
TYPE OF POLYMERIC 
SURFACE COATING







a Rate of deposit formation with coated Ti alloy substrate 
relative to rate of deposit formation with uncoated Ti 
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FIGURE 1.23 THE EFFECT OF SURFACE SHEAR STRESS ON THE 
ATTACHMENT OF PSEUDOMONAS FLUORESCENS TO 
STAINLESS STEEL (TYPE AISI 316) USING A
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(7 )3. the addition of antifoulantsw  '
the aging of the fouling deposit^1-’-1 ^
( 2 9 )Taborek et al ' observed the strength of cooling water deposits
increases with increasing fluid velocity. This was attributed to the increase
in the rate of removal of the particulate top layer from the crystalline
bottom layer with increasing fluid velocity. They also noted the strength of
cooling water deposits is a function of deposit purity. Using preliminary
data, Morse and Knudsen^2®®^ plotted the time constant for various fouling
transients as a function of non-CaCC^ components of the cooling water
deposit. As shown in Figure 1.24, they found the time constant approaches
infinity as the scale composition becomes pure CaCC^. In other words, since
the time constant, 0C is related to scale strength, ¥ according to the model
( 2 9  - 3 1 )proposed by Taborek et alv J ' for the Kern-Seaton removal term:
1 ^
9c - g- - T 1-26
the less pure scales are substantially weaker than the scale which is
(7)essentially pure CaCO^. Knudsenw ' reported that changes in the structure of 
cooling water deposits due to the addition of antifoulants may lead to a 
reduction in the scale strength. E p s t e i n ^ b r i e f l y  discussed the aging 
of the fouling deposits on heat transfer surfaces. The aging processes may 
involve changes in the structure of the fouling deposit. Examples of such 
changes include
1. dehydration
2. chemical degradation eg. of hydrocarbon gums to coke
3. the slow poisoning of microorganisms by corrosion cations released from 
the heat transfer surface.
These changes may cause either an increase or decrease in deposit strength 
with time.
1.6.5 Deposit chemical analysis
Although details of deposit chemical analysis are widespread in the 
fouling literature, there is no information regarding the standard procedure 
for chemical analysis of fouling deposits. Most fouling deposits can be 
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1.24 THE VARIATION OF THE TIME CONSTANT WITH THE 






3. inorganics and organics
Basically, the deposit chemical analysis consist of three parts:
A. the determination of the relative amounts of inorganics, organics and 
water
The relative amount of water to inorganics and organics is estimated 
from the weight loss on drying the fouling deposit to a constant weight at 
l05oc(6,24,63,65,103,105,136,290-292)^ The loss at 105°C can consist of
bound water, ie. free water, water in the microorganisms, some water of
crystallisation^1 ^  \
The relative amount of organics to inorganics is estimated from the
weight loss on heating the fouling deposit at 800°C or 
(5,24,63,65,91,105,11 1,11 4,1 22,124-126,128,1 36,182,201,207,290,291 ,293" 
above 298)^
The loss at 800°C or above can consist of organics, microorganisms, 
carbonate most water of crystallisation and if any, bound water(105,291
B. the inorganic analysis
There are essentially two parts to the inorganic analysis of fouling 
deposits, namely
1. the determination of the inorganic constituents in fouling deposits by
(5,6,24,45,49-52,63,65,91,100,103,105,108,1 10,1 11,
1 14,1 17,122,124-127,134,135,136,138,146,147,152, 
157,160,165,170,171,174,175,177,182,201,207,216,
a. Gravimetric analysis 21 7,222,239,251,290-295,297~301 )
b. X-ray analysis
Electron microprobe analysis <101.105.11H.1 *7.183.193.203.238.251.302)
X-ray fluorescence analysis^2,1 03,1 33,1 3^’19^*196>207,225)
X-ray photoelectron spectroscopy^112^
f127 301 1c. Atomic absorption spectroscopyv
d. Emission spectroscopy^1 1^*128,159,225)
e. Flame spectroscopy^3* ^
2. the identification of the crystalline species in the fouling deposit
(20,52,59,103,104,111,1 14,126,127,135,1 45, 
147,148,151,153,154,192,194,195,197,202,205, 
by X-ray diffraction analysis 207,217,225,238,239,304,305)
C. the organic analysis
The organic analysis of fouling deposits may involve
1. the identification of the organic constituents in fouling deposits by
a. Infra red seotroscopy0  M - 1'25-1'60-1 65>193-198,20H,283,301,306)
b. NMR spectroscopy^12"^
c. Ultra violet spectroscopy^12-^
2. the determination of the biofilm constituent in fouling deposit in 
terms of
a. Chemical oxygen demand^1 ^ ,1 89>1 79,180)
b. Total organic matter^1°6,307)
c. Total organic carbon^1 33>1 39,1 79,180)
d. Total organic nitrogen^1 °8,307)
e. Total organic acids^1 °6,307)
f. Total polysaccharide^1 °6,179,180,307)
g. Total protein<106’179.l80>301)
h. Total nucleic acids^179,180)
Chemical analyses of typical industrial fouling deposits are summarised in 
Table 1.1 7
1.6.6 Deposit microbiological analysis
The microbiological analysis of fouling deposits is essentially the 
identification and enumeration of organisms in fouling deposits by
1. Phase constrast microscopy^1
2. Fluorescence microscopy^1 °^»1 1 ^ 0)
3. Scanning electron microscopy^ 1°8,189,190)
*1. Transmission electron microscopy^1
5. Culture techniques*11°6’189,203,285,307)
To date, there is only one paper reported in the fouling literature which 
gives the microbiological analysis of a fouling deposit. This paper is by 
Oberhofer and Fulks*1^"^ who carried out a microbiological analysis on a 
typical cooling water deposit. Their results are summarised in Table 1.18.
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TABLE 1.18 MICROBIOLOGICAL ANALYSIS OF A TYPICAL COOLING WATER DEPOSIT(105)
Organism Number of Organisms per gram of deposit

























2. THE ELECTROCHEMICAL METHOD
The electrochemical method for monitoring fouling utilises the limiting 
diffusion current technique (LDCT) for measuring mass transfer rates and, by 
analogy, heat and momentum transfer rates between a fluid and a solid surface. 
Excellent reviews on LDCT have been presented by Levich^3^ ’3'"*^  in 1942, 1944 
and 1962, Agar(310) in 1947, Tobias et al(3l1) in 1952, Ibl(312) in 1963, 
Newman^313 313  ^ in 1967, 1968 and 1973, Arvia and Marchiano^31^\
Mizushina^31 ^  and Ravoo^31 ®’31 ^  ^ in 1971, Selman^320,321 ^ in 1971 and 1981, 
Landau(322,323) in 1976 and 1981, Pickett(324 \ Shemilt(325) and Wragg(326) in 
1977, Selman and Tobias^32^  in 1978, Fahidy and Mohanta^32®^ in 1980 and 
Poulson^32^  in 1982.
2.1 The limiting diffusion current technique
2.1.1 Fundamentals
(309)In any electrochemical system, there are three consecutive steps :
1. the transfer of the reactants from the bulk of the solution to the surface 
of the electrode.
2. the electrochemical reaction at the electrode
r Zj I SjMj -► ne
j
where s^  is the number of molecules or ions of species j participating in 
the transfer of n electrons to and from the electrode.
3. the transfer of the products from the surface of the electrode to the bulk 
of the solution or the deposition of the products on the surface of the 
electrode.
The rate of the electrochemical reaction is balanced, and sometimes limited,
by the rate of mass transfer^31 ®’31 ^ \
The limiting diffusion current technique (LDCT) is based on driving an
electrochemical reaction to its maximum possible rate when it becomes limited 
(322 3231by mass transfer ’ . The basic features of LDCT can be highlighted by
considering an electrochemical reaction at a cathode:
As the potential of the cathode is increased, the positive ions migrate 
from the bulk of the solution to the surface of the cathode where they are
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consumed by the electrochemical reaction. Since the current is not 
exclusively carried by the discharging species, the ions are consumed much 
faster than they are supplied by migration. This causes a thin layer depleted 
of the reacting species to develop near the cathode. This layer, shown 
schematically in Figure 2.1, is known as the diffusion or mass transfer 
boundary layer. The balance of the reacting species must be supplied across 
this layer to the cathode by diffusion down the concentration gradient.
The movement of ionic species to the surface of the electrode is described 
by the ionic flux equation:
Nj - ■ Dj’ej - zjujF<5jv* + niv 2-1
where = flux of species j
Dj = diffusivity of species j 
a. = concentration of species j 
= charge number of species j
u. = mobility of species j 
F = Faraday’s constant 
$ = electrostatic potential
v = fluid velocity
The three terms on the RHS of equation 2.1 represent, respectively, the 
contributions of
1. diffusion due to the concentration gradient
2. migration due to the electric field
3. convection due to the bulk motion of the fluid
Since the current in the electrolytic solution is due to the movement of the 
ionic species, the current density, i is given by
i = F T z-N. 2.2
J J
j
In most electrochemical systems, the migration term in equation 2.1 is 
eliminated by the addition of a large excess of supporting (or indifferent) 
electrolyte to the electrolytic solution. If such electrolytes, which do not 
participate in the electrochemical reaction, exist in the electrolytic 
solution in relatively high concentrations and have high conductivity 
compared with the reacting species, there should be no sharp potential 
gradient near the electrode. Thus, V$ may be assumed to be zero rendering the
69
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migration term negligible. Furthermore, the convection term in equation 2.1 is 
also rendered zero since in redox systems, the convection term vanishes due 
to no net convective Flow to the electrode while in non-redox systems, the 
convection term is usually negligible due to the very small net convective 
flow to the electrode.
Consequently, the flux at the electrode is solely controlled by diffusion. 
Assuming the transfer of ions is unidirectional in the y-direction 
perpendicular to the surface of the electrode, the flux at the electrode is 
now expressed as
I dc'j




where I = current
A = area of electrode surface 
Since electrochemical reactions involving one species are only considered, 
the subscript j will henceforth be omitted. Thus, equation 2.3 becomes
I 3 c




In order to determine the concentration gradient in the vicinity of the 
electrode, it is necessary to use a mass transfer boundary layer model in 
which
1. the mass transfer resistance is assumed to be localised in a quasi- 
stagnant layer adjacent to the double layer.
2. the double layer is assumed to be negligibly thin compared with the 
thickness of the mass transfer boundary layer.
A summary of the models are proposed by various workers is given in Figure 
2.2.
However, in most electrochemical systems, only the concentration
difference between the bulk solution and the electrode surface is known. In
such cases, it is more convenient to express the flux of the electrode in
terms of a mass transfer coefficient.
zFA k(° b 25
where k = mass transfer coefficient
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(318)
FIGURE 2.2 A SUMMARY OF MASS TRANSFER BOUNDARY LAYER MODELS
(a) NERNST STAGNANT DIFFUSION LAYER MODEL
6 y
N = - DAC'
(b) CONCENTRATION BOUNDARY LAYER MODEL
c.b
6 y












ok = bulk ion concentration 
os = surface ion concentration 
As the potential of the cathode is further increased, the ions are 
consumed faster by the electrochemical reaction causing the surface ion 
concentration to become lower and eventually zero. Correspondingly, the 
current increases exponentially to an asympotote of a constant value, ie. a 
limiting current. This is clearly shown in Figure 2.3 which illustrates a 
typical current-potential plot for a mass transfer controlled 
electrochemical system. At the limiting current, the electrochemical reaction 
proceeds at its maximum possible rate. Since the surface ion concentration is 
zero at the limiting current, equation 2.5 reduces to
where IL = limiting current
A further increase of the potential over the limiting current plateau 
causes a steep increase in current due to the discharge by a secondary 
reaction such as hydrogen evolution on the cathode.
. Since mass transfer coefficients can be readily and accurately calculated 
from the experimentally obtained limiting current plateau, LDCT provides a 
very convenient, easy to use and accurate method for mass transfer studies. 
Furthermore, the similarity with non-electrolytic mass and heat transfer make 
LDCT particularly apt for the investigation of analogous transfer processes. 
In view of this generality, it is convenient to introduce dimensionless 
variables for the correlation of the transfer characteristics.
The mass transfer coefficient obtained from equation 2.6 is usually 
expressed in terms of the Sherwood number, Sh:
where 1 = characteristic length














FIGURE 2.3 A TYPICAL CURRENT-POTENTIAL PLOT FOR A MASS TRANSFER 
CONTROLLED ELECTROCHEMICAL SYSTEM .
whereas the mass transfer correlation for systems with free convection is of 
the form
Sh = f2(Grm,Sc) 2.9
vlwhere Re = —  = Reynolds number 2.10
Sc = g = Schmidt number 2.11
gl3
Gr = _m 2 v
Ap
P
= Grashof number for mass transfer 2.12
m
The corresponding heat transfer correlations are given by
*
N u = f 1(Re,Pr) 2.13
Nu = f2(Gr,Pr) 2.14
hi
where Nu = —  = Nusselt number 2.15
k
pcp
Pr = --  = Prandtl number 2.16
k
g i 3 r  Ap i
v 2 L pJ h
Gr^ = I I = Grashof number for heat transfer 2.17
It is normal practice to assume a direct analogy between mass and heat
fulfiltransfer. However, some authors, in particular Ravoo'-5 and Berger and 
Ziai^-^ have indicated the analogy should be treated with caution since for 
electrochemical systems, Sc usually is of the order 1000 to 10000 while for 
heat transfer systems, Pr is usually of the order 1 to 10.
2.1.2 Model electrochemical reactions
The electrochemical system to be employed for LDCT must satisfy the 
following requirements^1 9,327).
1. Kinetically, the electrochemical reaction should be fast and unaccompanied
by side reactions over a range of at least a few hundred millivolts in
order to obtain a long and well-defined limiting current plateau.
2. During the course of measurement, the surface area of the working
electrode should not become ill-defined by passivation or formation of
rough deposits.
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3. The experimental rig and the electrode material should be inert to the 
electrolytic solution.
4. The electrolytic solution should be chemically stable.
5. The physical properties of the electrolytic solution such as density,
viscosity and diffusivity must be known as a function of composition and 
temperature.
Selman et ai(320,321,327) listed the electrochemical reactions most often 
used for LDCT. This collation is reproduced in Table 2.1. Of the 
electrochemical systems used, two in particular have attained wide
popular!ty:
O +
1. The cathodic deposition of copper by the reduction of Cu ions.
The electrolytic solution is usually aqueous CuSO^ heavily swamped
with H2S02|. The cathode material is usually copper. If the anode is also
2 +copper so that the reverse reaction takes place, the bulk Cu
concentration remains constant. The main disadvantage of this deposition 
reaction is that the electrode surface may, in some circumstances, become 
roughened to an intolerable degree. However, the advantages of the 
deposition reaction include the high solubility of CuSO^ at room 
temperature and the large density difference between the bulk and the 
surface.
2. The cathodic reduction of ferricyanide ions to ferrocyanide ions at an 
inert electrode
The electrolytic solution is usually an equimolar mixture of potassium 
ferricyanide and potassium ferrocyanide in a supporting electrolyte of 
either KOH or NaOH. The electrode material is usually nickel or platinum. 
As the oxidation of ferrocyanide at the anode compensates for the 
reduction of ferricyanide at the cathode, the bulk concentration remains 
constant. Due to the sensitivity of nickel or platinum electrodes to 
deactivation through poisoning by free cyanide ions or by contaminants, 
the use of freshly prepared electrolytic solutions and carefully prepared 
electrodes is advisable. To maintain the stability of the electrolytic 
solution, the exclusion of light and dissolved gases is necessary. The main 
advantages of this redox reactipn include the long and well-defined 
limiting current plateau and the unchanging nature of the electrode 
surface topography.
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2. Cu2+ + 2e -* Cu
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With suitable electrochemical reactions under carefully controlled 
conditions, many complex transfer problems can be effectively investigated 
using LDCT. Numerous cases of successful application have been reported in 
t h e l i t e r a t u r e ( 3l2l317-320-32^ 326- 329'331>.
2.2 Previous work
To date, two papers on the use of the electrochemical method for 
monitoring fouling^2^’2"  ^ have been reported in the literature. The method 
was used in both papers for the investigation of the growth of calcereous 
deposits on cathodic steel surfaces in sea water. The mechanism of calcereous 
deposit formation can be described in two stages:
1. the reduction of dissolved oxygen in sea water at the cathode
02 + 2H20 + 4e + 40H~
2. the reaction between the hydroxyl ion and the metallic ions in sea water. 
Galloway' monitored the growth of calcereous deposits on a spherical
steel cathode in a batch sea water system by obtaining a series of 
current - potential curves as a function of time. His results, given typically 
in Figure 2.4, revealed that the limiting current decreases as the calcereous 
deposit accumulates with time. A typical limiting current current decay curve 
is shown in Figure 2.5. He developed a model that would predict the shape of 
the limiting current decay curves as a function of time, fluid and deposit 
properties and hydrodynamic variables.
Since the transport of oxygen from the bulk solution to the cathode 
surface involves two steps:
1. the diffusion of oxygen from the bulk solution to the deposit-solution 
interf ace.
2. the diffusion of oxygen through the deposit to the cathode 
the rate of transport of oxygen is given by
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FIGURE 2.5 DECAY OF THE LIMITING CURRENT(26) .
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Noting the Sherwood number based on the diameter of a clean spherical
electrode, d is given by
kd
Sh = —  2.19
and the dimensionless deposit thickness, £ is given by
Z = * 2.20
and assuming all the hydroxyl ions formed by oxygen reduction at the cathode
react with either calcium or magnesium ions in sea water, ie. °s = 0, equation
2.18 becomes
— . — !- 2.2,
i  +
Sh Dp
The rate of calcereous deposit accumulation is given by
N = pF d d£ 2.22
de
At steady state, the rate of transport of oxygen from the bulk solution to the 
cathode must equal the rate of calcereous deposit accumulation. Hence, from 
equations 2.21 and 2.22
PFd2 d£ _ __ 1_




With the initial condition of £ = 0 at 6 = 0, integration of equation 2.23 
yields
2¥ b  » ( V  22M
|_D ShJ D Sh





D ^ i p i  r i |
P F d  J L D  J LShJ
2.25
vsSince Re, Sc, intensity of turbulence, i and kinematic viscosity ratio, - can 
be determined, the average Sherwood number for a clean spherical cathode can 
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Hence, by assuming a suitable diffusivity ratio, the variation of current with
time can be predicted from equation 2.25.
( 27 )Wolfson and Harttv ' 7 monitored the growth of calcereous deposits on three 
steel cathodes, each set at a different potential, in a continuous flow sea 
water system by measuring the current as a function of time for each cathode 
at three different flow velocities. Their results given in Figures 2.7, 2.8 and 
2.9 show the current decreases with time to an asymptote. They also measured 
the deposit thickness
1. after 182 hours exposure as a function of flow velocity and potential
2. as a function of time
From their results in Figures 2.10 and 2.11 respectively, they concluded that 
the more positive the potential or the higher the velocity, the thinner the 










FIGURE 2.7 PLOT OF CURRENT DENSITY VERSUS EXPOSURE TIME FOR THE
THREE CATHODIC POTENTIALS AT A FLOW VELOCITY OF 8cm/s(27).
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FIGURE 2.8 PLOT OF CURRENT DENSITY VERSUS EXPOSURE TIME FOR THE
( 2 7 )
THREE CATHODIC POTENTIALS AT A FLOW VELOCITY OF 31cm/sv
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FIGURE 2.9 PLOT OF CURRENT DENSITY VERSUS EXPOSURE TIME FOR THE
THREE CATHODIC POTENTIALS AT A FLOW VELOCITY OF 107 cm/s(27\
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FIGURE 2.10 PLOT OF FILM THICKNESS AFTER 182 HOURS EXPOSURE AS












FIGURE 2.11 PLOT OF FILM THICKNESS AS A FUNCTION OF EXPOSURE 
TIME FOR SPECIMENS TESTED AT A FLOW VELOCITY OF 
8 cm/s AND A CATHODE POTENTIAL OF -1.03V(27).
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3. EXPERIMENTAL APPARATUS AND PROCEDURE
The apparatus was designed in order to investigate the effect of deposit 
characteristics on heat transfer and the influence of the deposit interface 
on fluid flow for a model fouling system by the electrochemical method.
3-1 Model fouling system
The model fouling system used in this study consisted of
1. an electrochemical system
2. a simulated fouling deposit
3.1.1 Electrochemical system
The electrochemical system selected for this study is the cathodic 
reduction of ferricyanide ions to ferrocyanide ions in a supporting 
electrolyte of sodium hydroxide at a nickel electrode:
[Fe(CN)6]3" + e -► [FeCCN^]*1-
This electrochemical reaction was selected in preference to the cathodic 
deposition of copper from an acidified copper sulphate solution at a copper 
electrode for two reasons:
1. it has a longer and more well-defined limiting current plateau
2. the nature of the surface topography remains unchanged throughout the 
electrochemical reaction
The concentrations used for the electrolytic solution were those found to 
be suitable by Tagg et al^332\ ie.
Potassium ferricyanide 0.005M 
Potassium ferrocyanide 0.005M 
Sodium hydroxide 0.5M
The chemicals were supplied by BDH; potassium ferricyanide and potassium 
ferrocyanide were of 'Analar' grade while sodium hydroxide was of 'Aristar* 
grade.
The effect of adverse conditions on the electrolytic solution have been 
highlighted by several investigators^333 3^1 Such adverse conditions 
include
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1. the photochemical decomposition of the electrolytic solution
Solutions of potassium ferricyanide and particularly potassium
ferrocyanide are known to decompose slowly in light resulting in the
(333-337)
formation of free cyanide and hydroxyl ions according toVJJJ
a_ iisht ,
[Fe(CN)fir  + HpO f==± [Fe(CN)sP  + CN * HP0
°  ^ dark -> ^
CN" + H20 HCN + OH"
The free cyanide ions causes the contamination of the electrolytic 
solution and poisoning of the electrodes. In order to avoid the formation 
of free cyanide ions, the electrolytic solution must be kept in
darkness^^’^ ' H .
2. the exposure of the electrolytic solution to air
The effect of air on the contamination of the electrolytic solution and 
the electrodes is complex^38»339)^ p0SSit)le side reaction involving
oxygen at the cathode
02 + 2H20 + 4e -► 40H"
(340)suggested by Aggerwaal and TalbotVJ ' is unlikely since the discharge 
potential of this reaction is considerably higher than the normal voltage 
range over which diffusion controlled conditions exist. However, the 
presence of dissolved oxygen may lead to the formation of oxide films on 
electrodes or more likely to the oxidation of potassium ferrocyanide. 
Other lesser components of air may dissolve in the alkaline solution to 
form solution contaminants and electrode poisons; eg. hydrogen sulphide is 
thought to be absorbed by the electrode rendering it ’passive*.
In order to avoid the formation of solution contaminants and electrode 
poisons, the electrolytic solution must be isolated from air. This is 
achieved by purging nitrogen through the NaOH solution until all the 
dissolved gases have been driven off before the addition of K^Fe(CN)^ and 
KjjFe(CN)g to the NaOH solution and maintaining this saturated solution 
under a nitrogen atmosphere at all times^38).
3. the slow oxidation of polymeric materials by the electrolytic solution 
The slow oxidation of polymeric materials commonly used in the design
of electrochemical rigs by the electrolytic solution will cause the 
solution to deteriorate gradually with time. In order to overcome the
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problem, it is recommended to use a freshly prepared electrolytic solution 
together with carefully prepared electrodes as often as possible.
the inadequate preparation of the electrodes
There is considerable confusion in the literature regarding the 
required pre-treatment of the electrodes^^^. Eisenberg et al^37)f 
their investigation on the chemical polarisation of the electrolytic 
solution at rotating electrodes, recommended cathodic activation of the 
electrodes. This consisted of a hydrogen discharge treatment on the
O
electrodes using a current density of 20 mA/cm in 556 NaOH solution for 
12-15 minutes. They found that with freshly prepared electrolytic 
solutions under the exclusion of light and with cathodically treated 
nickel electrodes, the chemical polarisation is relatively small. In their 
experiments, some investigators, in particular Sutey and Knudsen^39)^ 
found the cathodic activation of the electrodes recommended by Eisenberg 
et al'JJI/ to be necessary while other investigators, in particular 
Aggerwaal and Talbot^^0  ^ and Hubbard and Lightfoot ^, found it
unnecessary.
Berger and Ziai^^®^ have recently carried out a systematic study in
order to clarify the confusing recommendations on cathodic activation of
the electrodes. From their results, they found that chemical polarisation 
at unactivated electrodes became more serious with increasing Re since the 
error (obtained from the difference in values of IL at the extremes of the 
limiting current plateau) was found to vary from 2-356 at 
Reminitnum * ** x 101* to 9-10? at Remaxl[mjm « 9 x 105. However, with 
cathodically treated electrodes, they found the error at Remaximum was 
reduced to 156. These findings explain why some investigators^J '
found cathodic activation of the electrodes to be unnecessary since
h
Remaximum *n their experiments was generally never above 10 at which
chemical polarisation becomes significant.
Berger and Ziai^38) also noted that cathodic activation of the 
electrodes was necessary but not sufficent to achieve the optimum 
current-potential curve. As shown in Figure 3-1» the optimum 
current-potential curve is obtained when all the precautions for the 
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In order to avoid any adverse effects due to the inadequate prepartion 
of electrodes, Berger and Ziai^38) recommended that the electrodes (which 
were already polished) should be buffed with fine emery paper and washed 
with a degreasing agent such as carbon tetrachloride prior to cathodic 
activation as prescribed by Eisenberg et al^37)#
The physical properties of the electrolytic solution required for use in 






6. density difference between the electrolytic solution in the bulk and the 
electrode surface required for the evaluation of Grm, Aph
7. density difference between the electrolytic solution in the bulk and the 
electrode surface required for the evaluation of Grh, Aph
Each of these physical properties will be discussed in turn.
3.1.1.1 Density
Using a hydrometer (Type BS 718 series S50) suspended in a constant 
temperature bath, the density of the electrolytic solution was measured as a 
function of temperature. The procedure is outlined in BS 718 ^ ^ 2). The data 
obtained is tabulated in Appendix A1. Using the least squares method, it can 
be seen from Figure 3.2 that the density over the temperature range 
1 8.0-70.0°C is given by
p = 1.03052 - 2.1 H2 x 1 0~^T - 6.6 x 10"6T2 3-1
where p = density in g/cm^
T = temperature in °C 
The correlation coefficient for equation was found to be 99.9%-
3.1.1.2 Kinematic viscosity
Using a U-tube viscometer (Type BS/U) suspended in a constant temperature 
bath, the kinematic viscosity of the electrolytic solution was measured as a 
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FIGURE 3,2 THE VARIATION OF ELECTROLYTIC SOLUTION DENSITY WITH 
TEMPERATURE
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obtained is tabulated in Appendix A2. Using the least squares method, it can 
be seen from Figure 3*3 that the kinematic viscosity over the temperature 
range 18.0-^5.0°C is given by
[
 1868.57 I  ^  6.2926v = exp -- --- - | 3.2
p
where v = kinematic viscosity in mm /s 
T = temperature in K 
The correlation coefficient for equation 3*2 was found to be 99.555.
3.1.1.3 Diffusivity
In electrochemical mass transfer studies, the diffusivity of the 
electrolytic solution must be known in order to correlate the results in 
terms of useful dimensionless numbers such as Sh, Grm and Sc. Since the 
accuracy of the correlation is strongly dependent on the diffusivity of the 
electrolytic solution, it is necessary to ensure that the correct diffusivity 
data is used (320)^
The diffusivity of the electrolytic solution was expressed by the early 
investigators in terms of either molecular diffusivities which were scarce 
for multicomponent electrochemical systems or ionic diffusivities which were 
only known in the limit of infinite dilution according to Nernst-Einstein 
equation
RTAi
Di = RTu.: = ;---   3.3
\ J J | z j | F 2
However, later investigators^15,3^.3^5) have questioned the use of 
molecular diffusivity data and ionic diffusivity data at infinite dilution in 
electrochemical mass transfer correlations. For the diffusivity of the 
electrolytic solution, they used ionic diffusivities that have been obtained 
from limiting current measurements of an electrochemical cell where the 
velocity profile at the electrode is well-defined and known. These ionic 
diffusivities are effective ionic diffusivities^2‘|*327) since
1. they reflect a migration contribution that is not always negligible
2. they contain the effect of variable solution properties near the electrode 
The effective ionic diffusivities appear at first to be applicable only to 
the particular electrochemical cell in which they were measured. However, it 


















FIGURE 3.3 THE VARIATION OF ELECTROLYTIC SOLUTION KINEMATIC VISCOSITY WITH TEMPERATURE
1868 .57
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for one particular type of mass transfer may be generally applicable for all 
situations involving that type of mass transfer provided the same bulk 
concentration of the electrolytic solution is used. Furthermore, it was also 
presumed that the effective ionic diffusivities characteristic for free 
convection electrochemical systems will not be significantly different from 
that for forced convection electrochemical systems.
Several methods have been used to determine the diffusivity of the 
ferricyanide ion in a solution of equimolar mixture of potassium ferricyanide 
and potassium ferrocyanide in excess sodium hydroxide. The details are
summarised in Table 3.1. For this study, the results obtained by Bazan and 
Arvia^1^  Was used. Over the temperature range of 25.0-41.8°C, they found the 
effective diffusivity is given by
^  = (2.50 ± 0.17) x 1CT10 3.4
where p= viscosity in g/cm s
2
D = diffusivity in cm /s 
T = temperature in K
3.1.1.4 Thermal conductivity
For the temperature range 20-100°C, the thermal conductivity of the
electrolytic solution can be estimated to within 536 accuracy from
k( T) = k( 20°) ^h20(T) 3*5
*h2o (20°c)
in which k(20°C) can be estimated to within 5% accuracy from the equation 
proposed by Riedel^3^2  ^ and tested by Vargaftik and Os’minin^3^ ^ :
H 20°C) = /ch20(20°C) +  ^ °jCj 3'6
where & = thermal conductivity of the electrolytic solution in W/cm K
= thermal conductivity of water in W/cm K 
= concentration of species j in moles/litre 
(jj = coefficient that is characteristic for species j 
Values of Oj are listed in Table 3.2.
The thermal conductivity of water required in equations 3*5 and 3*6 can be 
determined from the equation recommended by ESDl/3*^:
93
TABLE 3.1 VALUES OF y- FOR THE FERRICYANIDE ION IN A SOLUTION OF EQUIMOLAR MIXTURE OF POTASSIUM FERRICYANIDE AND 





K3Fe(CN)6 K Fe(CN)- 4 b NaOH
(M) (M) (M) (g cm/s K)
r . , .(346) Lin et al 0.005 - 0,01 0.0005 - 0,01 0.5 2.67 x 10"10 LM
r. _ ,(347) Eisenburg et al 0.1963
0,1919 2.027 2.50 x 10‘10 CC
D < A A • (348) Bazdn and Arvia 0.0016 - 0.0125 0.0016 - 0.0125 - 0.5 (2.50 ± 0.17) x io‘10 RDE
0.0012 - 0.0500 0.0012 - 0.0500 - 1.0 (2.52 ±  0,10) x
Or
H1o
0.0004 - 0.0980 0.0004 - 0.0980 - 2.0 (2.54 ±  0.13) x io‘10
r  ^  _  .(349) Gordon et al 0.01 - 0.20 0,01 - 0,20 0.0 - 3,5 ([2.34+0.0141] ±  0.05) x 10"10 RDE
Van Shaw et al^330^ 0.0001 - 0.01 0.0001 - 0.01 ~  2.0 2.30 x 10“10 LFA
Noordsij and Rotte^331^ 0.025 0.025 0.5
0H1
Or-iXC-'-CNCN DS
a CC Capillary cell
DS Diffusion to a spherical electrode 
LFA Laminar flow annular cell 
LM Limiting mobility at infinite dilution 
RDE Rotating disk electrode
TABLE 3.2 PHYSICAL PROPERTY DATA FOR THE K„Fe(CN)„ - NaOH SYSTEM AT 25°C(315,35Lf5355,356 )
3 b



















-3 100.9 0.896 x icf5 167.27
Fe(CN)6^~ 1 18.61 x lo"5 110. 5 0.739 x 10-5 225.91
o h " 0 -1 20.934 x io"5 197.6 5.260 x K* O
1 CJ1
45.29
Na+ 0 1 0 50.11 1.334 x io-5 -6.73
K+ 0 1 -7.560 x IQ-5 73. 52 1.957 x h-* o
1 cn
0
•h2o =  /?* I ^(T*)'1 
i=0
-1
exp P* l l b. 
j=0 k=0
j.k [ ; * ' 1] [ 3.7
where ^^0 = thermal conductivity of water in W/m K
* TT = reduced temperature = —  where T_ = 647.27K
Tc
# p 3p = reduced density = —  where on = 317.763 kg/m-5
Pc c
The numerical values of the coefficients ai and k in equation 3*7 are 
listed in Table 3.3.
The density of water required in equation 3*7 can be determined from the 
equation recommended by Gibson and B r u g e s ^ 5 8 ) .
P* = I aiTi (z)
in which z = 1 - 2(1 - T*)0*^
3 . 8
3 . 9
where p* = reduced density = ~  where pn = 317.763 kg/m^
Pc
# T
T = reduced temperature = —  where Tc = 347.12 °C
c
The function !T^ (z) in equation 3-8 is the Chebyshev polynomial of ith degree 
with z normalised in the range -1 £ z £ 1. The first two Chebyshev 
polynomials are
V z )  = 1
7,1 (z) = z
3.10
3 . 1 1
and the remaining Chebyshev polynomials are calculated using the recurrance 
relation
Tnu) = 2z rn_l(z) - Tn_2(z) 3.12
The numerical values of the coefficients a± in equation 3.8 are listed in 
Table 3.4.
3.1.1.5 Heat capacity
The heat capacity of the electrolytic solution can be estimated using the 
Wenner approximation for dilute aqueous electrolytic s o l u t i o n s ^ 5 9 ) 
states
c = M CP Ho0 3 . 1 3
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- - 5.275102 X io"2
a
3
- 2.173547 X io-2
a




- 5.125009 X 10 ~3
a
6
- 3.765370 X io'3
a
1
- 1.123345 X io-3
%
~ - 2.458266 X K f 3
a9
- - 1.425530 X io'3
aio - - 1.304721
X io-3
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where cp = heat capacity of the electrolytic solution in BTU/lb °F 
M\{ q = mass fraction of water in the electrolytic solution
The mass fraction of water in the electrolytic solution is given by
mH20 = 1 " ( % 3Fe(CN) 6 + MK4Fe(CN) 6 + %aOH>
mK3 Fe(CN) 6 + mK1|Fe(CN) 6 + mNaOH 




mK3Fe(CN) 6 + m^Fe(CH)e + mNaOH 3.16
1
PV
where Mj = mass fraction of species j in the electrolytic solution 
mj = mass of species j in the electrolytic solution 
m = mass of electrolytic solution
p = density of electrolytic solution given by equation 3.1 
V = volume of electrolytic solution 
Since 0.005M K3Fe(CN)6 = 1.6463g K3Fe(CN)6 in 1000cm3 solution, 0.005M 
K^Fe(CN)5 = 2.1120g KnFe(CN)g in 1000cm solution, and 0.5M NaOH = 20g NaOH 
in lOOOcm^ solution, then equation 3*16 becomes
Substituting equation 3.17 into equation 3.13 yields
3.1.1.6 Apm
The density difference between the electrolytic solution in the bulk and 
the electrode surface required for the evalation of Grm, Apm can be 
determined from either the concentration difference of the reacting species 
between the bulk and the electrode surface through the use of an overall 
densification coefficient or the concentration difference of different 
species through the use of ionic/molecular densification coefficients























Acj = concentration difference of species j between the bulk and the 
electrode surface
ACp = concentration difference of limiting reactant R between the bulk 
and the electrode surface
To date, the only reliable densification coefficient data for the
K^Fe(CN)g - KjjFeCCN)^ - NaOH system are those of Selman and Newman^^\ As
outlined in Appendix A3, they used the density data obtained by Gordon et
( 3 4 9  ) (170)al J and Boeffard to evaluate the ionic densification coefficients.
These values are tabulated in Table 3.2.
Several methods for the estimation of A<?j in equation 3*19 have been
proposed. Of the various methods outlined in Appendix A4 that have been used
to estimate A<?j for the K^FeCCN)^ - K/jFe(CN)g - NaOH system, the WET method
was selected for this study. Hence, AOj was estimated from
A c\






= number of molecules or ions of species j which react at the 
electrode per one Faraday flowing the electrochemical cell 
= number of molecules or ions of limiting reactant R which react at 
the electrode per one Faraday flowing the electrochemical cell 
= transference number of species j, defined as




tp = transference number of limiting reactant R
100
Acp = since c rs=  ^ ^ 6 Hati n g  condition
The physical properties in equations 3*22 and 3.23 for the K^FeCCN)^ - 
KijFeCCN)^ - NaOH system are also tabulated in Table 3*2.
3.1.1.7 Aph
The density difference between the electrolytic solution in the bulk and 
the electrode surface required for the evaluation of Gr^, Aph can be




p(Tb) - p(Ts) 
P(TS)
3 . 2 1 )
where p(T_) = density of the electrolytic solution at the electrode surfaceo
p(Tb) = density of the electrolytic solution in the bulk
3.1.2 Simulated fouling deposit
The simulated fouling deposit used in this study composed of one or more 
layers of glass spherical particles of known dimensions resting on a flat 
horizontal nickel cathode. The physical properties of the glass spherical 
particles supplied as Ballotini from Jencons Ltd are tabulated in Table 3.5.
3.2 Experimental apparatus
The experimental apparatus used in this study is shown schematically in 
Figure 3-4 and as a photograph in Figure 3.5.
3-2.1 Mixing cell
The main features of the electrolytic mixing cell are shown 
diagramatically in Figure 3.6. It consisted of a perspex cylinder, 76mm ID and 
150mm high, which was tightened between the Tufnal top plate and the Sindanyo 
base plate by means of six tie rods. Neoprene gaskets were used to provide a 
liquid seal between the perspex cylinder and the end plates. To minimise the 
exposure of the electrolytic solution to light, the transparent surface of 
the perspex cylinder was covered with an orange celluloid film.
The anode constituted a nickel plate, 58mm diameter and 3.5mm thickness, 
perforated with 91 holes of 1.7mm diameter and a central hole of 8mm diameter. 
This was rigidly suspended 90mm from the Tufnal top plate cover. The cathode,
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Soda glass 10.00 ± 0.50 2400 712 0.952
12.00 ± 0.50
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FIGURE 3.*+ SCHEMATIC DIAGRAM OF THE EXPERIMENTAL APPARATUS.
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FIGURE 3.6 ELECTROLYTIC MIXING CELL.
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a nickel plate of 90mm diameter and 3.5mm thickness, was secured flush with 
the base plate by means of a clamping screw. The type of nickel selected for 
the electrodes was Nickel 200. This was supplied by Titanium International 








Several investigators*31 7-3' 9,323.327.332,339,3*0,371,373-380) haye 
indicated that in order to ensure the electrochemical reaction is
cathodically controlled, the surface area of the anode must be larger than
that of the cathode. In this study, the ratio of the surface area of the anode 
to the cathode was 1.55:1.
The electrolytic solution was agitated by a standard 50cm diameter, 
stainless steel, six flat-bladed, disc-mounted turbine impeller. The impeller 
was placed centrally in the cell 30mm from the cathode surface via a nylon 
bush in the anode. The purpose of the nylon bush was to electrically insulate 
the impeller shaft from the anode. The impeller was driven by a Citenco 
constant torque motor (Model KQTS supplied by Fisons Scientific Apparatus 
Ltd) giving a range of output rotational speeds 0-350 rpm. These speeds were 
measured via a cam - microswitch arrangement shown in Figure 3*4. Each time, 
the securely clamped roller lever microswitch (Model V4T7YR1 supplied by 
Burgess Ltd) was tripped by the perspex cam on the stirrer motor shaft, one 
revolution of the impeller was recorded on a digital counter. The rotational 
speed of the impeller was obtained by measuring the time taken for the 
impeller to do one revolution.
The heating of the cathode was effected by means of a 64mm diameter 
heating element (supplied as a 450W, 240V coffee percolator element from 
Metway Electrical Industries Ltd) tightly clamped between the cathode and the 
base plate. The wiring arrangement for the heating element is shown in Figure 
3.7. The current flowing through the heating element was recorded by a digital 







FIGURE 3.7 THE WIRING ARRANGEMENT FOR THE HEATING ELEMENT.
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sheathed copper/constantan thermocouples were silver-soldered into notches 
cut into the base of the cathode at positions shown in Figure 3.4. These 
thermocouples were connected to a 10 channel temperature indicator (Type 141 
supplied by Eurotherm Ltd). The surface temperature of the cathode was 
controlled by a PID temperature controller (Type 020 supplied by Eurotherm 
Ltd) via a feedback control loop incorporating the heating element and the 
thermocouple at position 3 as shown in Figure 3.4.
In order to maintain a temperature difference between the cathode and the 
bulk solution, the cooling of the electrolytic solution was effected by 
passing cooling water through a glass coil rigidly suspended from the top 
plate coyer. The temperature of the bulk solution was measured via a sheathed 
copper/constantan thermocouple connected to the 10 channel temperature 
indicator. The temperature of the base plate and the ambient temperature were 
measured via two copper/constantan thermocouples connected to the 10 channel 
temperature indicator.
To minimise the exposure of the electrolytic solution to air, an air 
free - nitrogen atmosphere was maintained in the mixing cell.
3-2.2 Electrical circuit
The electrical circuit for the electrolytic mixing cell is shown in Figure 
3.4. The potential applied across the cell was provided by a 1A/30V variable 
output stabilised power supply (Model 400 supplied by Weir Instrumentation 
Ltd). This applied potential was measured by the Solartron digital 
multimeter. The current flowing through the cell was measured by a x-0 pen 
chart recorder (Model PM8202 supplied by Pye Unicam Ltd) via the potential 
difference across a standard 10ft resistor.
3.3 Experimental procedure
The experimental procedure can be summarised as follows:
1. Preparation of the electrolytic solution
2. Preparation of the electrodes
3. Assembly of the electrolytic mixing cell
4. Data acquisition
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3-3-1 Preparation of the electrolytic solution
The electrolytic solution of the following concentration
Potassium ferricyanide 0.005M 
Potassium ferrocyanide 0.005M 
Sodium hydroxide 0.5M
was carefully prepared in a 51 volumetric flask. To prevent the degradation 
of the electrolytic solution in air and light, the solution was transferred 
to several 11 brown polythene concertina-shaped bottles (Type BGE440 
supplied by Fisons Scientific Apparatus Ltd). Before the solution was used 
for an experiment, the concentration of the solution was checked by 
titrimetric analysis. The details of titrimetric analysis are given in 
Appendix A5.
3-3-2 Preparation of the electrodes
Before assembling the electrolytic mixing cell, care was taken to ensure 
the nickel electrodes were properly cleaned and activated. The electrodes 
were polished with progressively finer grades of emery paper, washed with 
detergent, rinsed with distilled water and finally degreased with carbon 
tetrachloride. The electrodes were then activated in 2M NaOH solution for 5 
minutes.
An electron micrograph of 35X magnification taken of a 3mm x 3mm section 
that was carefully sawn out of the nickel electrode as shown in Figure 3.8 
after it was cleaned and activated is given in Figure 3.9. To enable a 
quantitative assessment to be made of the surface texture characteristics of 
the cathode, a Talysurf (Model 10 supplied by Rank Taylor Hobson Ltd) was 
used. The Talysurf uses a stylus in the form of a four-sided 90° diamond 
pyramid with a slightly rounded tip of 0.0025mm wide bearing on the surface 
with a force of 1 x 10~^N to trace the profile of the surface. Eight 
measurements were conducted along the 10mm lengths designated by the letters 
A-H in Figure 3.8. The results obtained from the Talysurf traces shown in 
Figure 3.10 are given in Table 3.6.
It can be concluded from the results given in Table 3*6 that the surface 
roughness increases radially from the centre of the cathode. A possible 
explanation for this non-uniformity could be due to the difficulty in the 
polishing of the cathode surface which was slightly bowed. The bowing of the
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FIGURE 3.8
A 10mm length (designated 
by the letter C) along 
which the surface profile 
was measured using the 
Talysurf.
3mm x 3mm section carefully sawn 
out for examination under a 
scanning electron microscope.
AREAS OF EXAMINATION ON THE CATHODE FOR THE SCANNING 
ELECTRON MICROSCOPE AND THE TALYSURF.
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Ill
FIGURE 3.9 AN .ELECTRON MICROGRAPH OF THE 3MM X 3MM SECTION THAT WAS 
CAREFULLY SAWN OUT OF THE NICKEL CATHODE AS SHOWN IN FIGURE 3.1 0 
AFTER IT WAS CLEANED AND ACTIVATED
FIGURE 3.10 TALYSURF TRACES ALONG THE 10MM LENGTHS DESIGNATED BY THE 


















TABLE 3.6 TALYSURF TRACE RESULTS
1 2 
AVERAGE PEAK TO MAXIMUM PEAK TO 3
LENGTH VALLEY HEIGHT VALLEY HEIGHT AVERAGE WAVELENGTH A
(um) (urn) ( mm)
A 0.48 3.3 0.061 0.044
B 1.1 6.2 0.085 0.066
C 1.8 9.4 0.087 0.109
D 0.8 4.6 0.060 0.073
E 1.4 8.3 0.080 0.091
F 2.2 9.5 0.093 0.117
G 1.6 9.2 0.082 0.096
H 0.75 4.7 0.070 0.052
l
The average peak to valley height, R is given by
a
L
Ra = r  j0 ly( x ) ldx
2
The maximum peak to valley height, R^ is given by 
i=5
j  4  I  *m 5 L m. 
i n  1
The average wavelenth, X is a measure of the spacings between the locala
peaks and valleys, taking into account their relative amplitudes and 
individual spatial frequencies.
avera6e rms value of the slope of the profile throughout
its length. From this value, the ratio of the actual profile length 
to the nominal measured length can be estimated from
Actual , i, . s 2 
Nominal S 1 +
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Assessment Length
cathode surface was caused by the heat generated throughout the cathode when 
the central rod and the thermocouples were silver-soldered into the base of 
the cathode.
However, an order of magnitude estimate of the surface texture 
characteristics of the cathode can be obtained by taking the mean of the 
results given in Table 3.6. Thus, from Table 3.6,
Using (Aa)mean= 0.081, the mean ratio of actual profile length to the nominal
measured length was found to be 1.033. In other words, there will be an error
of 0.0335& if the diameter of the cathode rather than the actual profile length 
across the diameter of the cathode is used in the calculations. Due to this 
small error, the cathode was assumed to be ’smooth*.
3-3-3 Assembly of the electrolytic mixing cell
The procedure for the assembly of the electrolytic mixing cell was as 
follows:
After the assembly of the base plate accessories as shown in Figure 3*11* 
the mixing cell was assembled by tightening the six tie rods which sandwich 
the perspex cylinder with the neoprene gaskets between the end plates. The 
mixing cell was then filled with the electrolytic solution that was stored in 
one of the several 11 brown concertina-shaped bottles to a height of 120mm. If 
required in the experiment, one or more layers of glass spherical particles 
of known dimensions was added onto the surface of the cathode. After the 
assembly of the top plate cover accessories as shown in Figure 3.12, the top
plate cover and its accessories were carefully mounted into the mixing cell.
It was then ensured that
1. a thermocouple connected to the temperature indicator was inserted into 
the electrolytic solution
2. The nitrogen line was attached to the mixing cell and flow switched on
3. the impeller was attached to the stirrer motor
4. the cooling water line was connected to the cooling water coil
nrmean
a'mean = 1.27 pm 
= 6.9ym 
» 0.077mma'mean








FIGURE 3.12 THE ASSEMBLY OF THE TOP PLATE COVER ACCESSORIES
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5. a thermocouple connected to the temperature indicator was inserted into 
the base plate
6. the wires of the heating element and the thermocouple that was 
silver-soldered into the base of the cathode at position 3 were connected 
to the heating circuit
7. all the thermocouples that were silver-soldered into the base of the 
cathode were connected to the temperature indicator
8. the electrodes were connected to the electrical circuit
3-3-^  Data acquisition
For each of the various experimental conditions studied in the 
electrolytic mixing cell (see Table 3*7), the following data were determined:
1. the current - potential curve as a function of the impeller rotational 
speed
2. The limiting current as a function of the impeller rotational speed
3.3.4.1 Determination of the current - potential curve as a function of the 
impeller rotational speed
For a given impeller rotational speed, the data for the 
current - potential curve was obtained by deriving the average current from 
the current - time traces that were recorded at different applied cell 
potentials over a range of 0-2V. This was repeated for different impeller 
rotational speeds.
3.3.4.2 Determination of the limiting current as a function of the impeller 
rotational speed
From the current - potential curves determined in section 3*3.4.1, a 
potential that corresponds to the limiting current condition for all the 
curves was selected. By setting the power supply at this potential, the 
variation of the limiting current with the impeller rotational speed was 
obtained by deriving the average limiting current from the limiting 
current - time traces that were recorded at different impeller rotational 
speeds over a range of 0-350rpm.
In addition to the above data, the following variables necessary for mass 
transfer calculations, ie
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TABLE 3.7 A SUMMARY OF THE VARIOUS EXPERIMENTAL CONDITIONS STUDIED IN THE 
ELECTOLYTIC MIXING CELL
MASS TRANSFER MASS AND HEAT TRANSFER
Glass spherical particles 
d (mm) n-,
_E  J l
NONE / /
0 . 3 6 8  1  /
2 /
3 /








































1 0 . 0 0 0  1 /  /
2 / /




Cathode surface temperatures, T_ , T_ , T_
3 1 a2 a3
and for heat transfer calculations, ie
Bulk solution temperature,
Cathode surface temperatures, Tc , T_ , T_
a 1 a2 a3
Base plate temperature, Tw 
Ambient temperature, Ta 
Heater current, Ih 
were also recorded during the experimental run.
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4. EXPERIMENTAL RESULTS AND OBSERVATIONS
The results obtained for the various experimental conditions in the
electrolytic mixing cell listed in Table 3.7 are discussed in two main
sections:
1. Mass transfer studies
2. Mass and heat transfer studies
4.1 Mass transfer studies
4.1.1 Mass transfer in the electrolytic mixing cell without the presence of 
glass spherical particles on the cathode
The variation of average current with potential as a function of the
impeller rotational speed for the electrolytic mixing cell without the
presence of glass spherical particles on the cathode is shown in Figure 4.1. 
The data used in Figure 4.1 are given in Appendix A6.1. The reproducibility of 
the current-potential curves in Figure 4.1 was checked by carrying out 
several determinations of each current-potential curve. As an example, Figure
4.2 illustrates the several determinations of the current-potential curve at 
an impeller rotational speed of 34.8 ± 2.8 rpm. The data used in Figure 4.2 are 
given in Appendix A6.2. It was found the current-potential curves in Figure
4.1 are reproducible to within ±5$.
It can be seen from Figure 4.1 that the limiting current is attained for 
all the current-potential curves when the potential is in the range of
0.8.- 1.4 volts. By setting the potential at -0.9V, the average limiting 
current, 1^ can be measured as a function of the impeller rotational speed,-N. 
The 1^- N data derived from Figures 4.1 and 4.2 and the I^-Wdata derived from 
several other runs are given in Appendix A6.3.
Since free and forced convection mass transfer can occur in agitated 
vessels, it is customary to assume^^ ’^ ^  ^
1. free convection mass transfer >> forced convection mass transfer at very 
low Re















FIGURE U.l CURRENT-POTENTIAL CURVES AS A FUNCTION OF THE IMPELLER ROTATIONAL SPEED FOR THE 

















FIGURE U.2 SEVERAL DETERMINATIONS OF THE CURRENT-POTENTIAL CURVE AT AN IMPELLER ROTATIONAL SPEED
OF 3H.8 ± 2.8 rpm FOR THE ELECTROLYTIC MIXING CELL WITHOUT THE PRESENCE OF GLASS SPHERICAL 
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where di = impeller diameter
4.1.1.1 Free convection mass transfer
Free convection mass transfer is usually expressed in terms of
Sh = a (GrmSc)b 4.2
where a and b are constants. For cylindrical vessels with horizontal 
electrodes, Sh, Grm and Sc in equation 4.1 are defined by equations 4.3, 4.4 and
where d = cathode diameter
For all the I^-A^data where N= 0 rpm given in Table A6.3.3* mass transfer 
in the electrolytic cell was by free convection. By taking Run 1.01 of 
Table A6.3.3 (ie.N- 0 rpm, IL = 0.8mA, = 0.005M, Tb = 21 °C) as an example,
the calculation of Sh, Re, Grm and Sc carried out by the computer program MASS 
given in Appendix A7.1 was as follows:
The physical properties of the electrolytic solution required for the 
dimensionless numbers were calculated at the bulk solution temperature. 
Hence,
1. the density of the electrolytic solution given by equation 3.1 was found
2. the kinematic viscosity of the electrolytic solution given by equation 3.2 












3. the viscosity of the electrolytic solution given by equation 4.5 was found 
to be
p = v x p ^*5
= 1.06215 x 10'2 x 1.0231 
= 1.0867 x 10~2 g/cm s
4. the diffusivity of the electrolytic solution given by equation 3.4 was 
found to be
= 2.50 x 10~1Q (21.0 +273.15)
1.0867 x 10"2
— ft 9 
= 6.7670 x 10 cm /s
The transference number for each species in the electrolytic solution
[?]
required in the evaluation of |— j was found equation 3*23 to be
m
, _  3(100.9X0.005 X 10~3 )___________________ ___________________________________ ________________________________________
Fe(CN)^- ”  3( 100.9)(0 .005 x lo"3) ♦ 9 (110.5X0.005 x 10*3) ♦ 1 (197.6X0.5  x 10*3) ♦ 1(50.11X0.5 x 10* ) t  1(73.52X0.035 X 10 3 )
=  0 .01  16
£  _  9(110.5X0.005 x 10~3 )_______________________________________________________________________________________________
F e  (  C N  )  ”  3(100.9X0.005 x lO-3 ) ♦ 9(110.5X0.005 X 10-3 ) ♦ 1 (197.6)(0 .5  x 10 '3) ♦ 1(50.11X0.5  x 10_3) ♦ 1(73.52X0.035 x lO*3 )
=  0 .01 70
t _
OH
_  1 ( 1 9 7 . 6 X 0 . 5  x 10 )
= 0.7591
1 ( 5 0 .1 1 X 0 .5  x 10“ 3 )
3 ( 1 0 0 .9 X 0 .0 0 5  x lo '3) ♦ 9 ( 1 1 0 .5 X 0 .0 0 5  x 1 0 *3 ) ♦ 1 ( 1 9 7 .6 ) ( 0 .5  X l o '3) ♦ 1 ( 5 0 .1 1 X 0 .5  x 10_ 3 ) ♦ 1 ( 7 3 .5 2 X 0 .0 3 5  x l o '3)
= 0.1925
. _  1(73.52X0.035 x lo'3 )______________________________________________________________________ _________________






for the electrolytic solution required in the evaluation
of Grm was found from equation 3.19 to be
Ap
P = 167.27AC. + 225.91 A<2„ , , k- + 45.29Ac - 6.73AC +H OH Na'Fe(CN)63'








896 x 10~5 
39 x 10"5
(0.005 x 10"3)
= -5.8242 x 10 ^mole/cm3




[0.896 x 10 5~[ 
5.260 x 10"5J
(0.005 x 10"3)







-6= 0.7059 x 10 mole/cm
[0.896 x 10"51 
1.33^  x 10"5J
3
(0.005 x 10 3)
r api
ie. —  = -5.3000 x 10
*-P -*m
Using the above physical property data, it was found that
1. the Sherwood number defined by equation 4.3 is given by
0.8 x 10”3 x 7.6 ^ — _ 
1 x 96487 x ^ (7.6 )2 x 6.7670 x 10~6 x 0.005 x 10"3
= 41.1
2. the Reynolds number defined by equation 4.1 is given by
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(5-1)2 *-§0 
Re = ------------ -
1.06215 x 10^
= 0
3. the Grashof number for mass transfer defined by equation 4.4 is given by
980.655 x (7.6 )3 i -u|
Grm =  —  x I -5.3000 x 10 |
(1.06215 x 10 z ) z  
= 2.0224 x 106
4. the Schmidt number defined by equation 2.11 is given by
1.06215 x 10‘2
~ A
6.7670 x 10_b 
= 1569.6
The derived data obtained from the computer program MASS for all the
IL~ N data where N- 0 rpm is tabulated in Table A6.3.3.
For free convection mass transfer at horizontal electrodes, several
investigators^ 386) have founCi by experiment that the exponent b in
7
equation 4.2 to be £ in the laminar regime where GrmSc < 3 x 1 0  and  ^ in the
7 7turbulent regime where GrmSc > 3 x 1 0 .  Since GrmSc > 3 x 10 in this study, it
was reasonable to assume that the exponent b in equation 4.2 is |. Thus,
equation 4.2 can be rewritten as
1
Sh = a (GrmSc)3 4.6
The derived data for all the runs where N = 0 rpm given in Table A6.3.3 were
plotted in Figure 4.3 as Sh versus GrmSc on logarithmic co-ordinates. Due to
GrmSc being almost identical for each of the runs plotted in Figure 4.3, no
attempt was made to evaluate a in equation 4.6. Of the correlations listed in
Table 4.1 that have been proposed by various investigators for free
convection mass transfer at horizontal electrodes, the correlation proposed 
by Wragg et al^382,384,385)
1
Sh = 0.18 (GrmSc)3 4.7
was used for the comparison with the data given in Figure 4.3. This 
correlation was selected in preference to the,other correlations listed in
127
128
FIGURE 4.3 A PLOT OF Sh VERSUS Gr Sc SHOWING THE COMPARISON BETWEEN THE DATA GIVEN IN TABLE A6.3.3 
---------- m
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, , . . u (383) 
Lloyd and Moran c u s o u /h 2s o i+ Shj — 0.54 (Gr Sc)0,25 m
2.2 X O 8 X !06
_ .(382,384,385) 
Wragg et al * Cu s o 4 /h 2s o u
Shd




O*-4X 3 X 107
TURBULENT
. _ .. (386) 




0.19 (Gr Sc) 
m 1
00OHX - 1.4 X 1012
. , (382 ,384,385) 
Wragg et al * * CuS0u /H2S0u
Jcd
shd
r 0.18 (Gr Sc)0,3333 
m 3 * 107 1
X lo12
(318)
Ravoo Cu S0h /H2S0u
K Fe(CN)./K Fe(CN)c /Na0H 





0.152 (Gr Sc) 
m
6 * 106 5 X 1012
, , , . u (383) 
Lloyd and Moran C u S0h /H2S0u Sh^ =
0.3333
0.15 (Gr Sc) 
m
8 * 106 - 1.6 X io9
a The subscript on Sh represents the parameter that was used to represent the characteristic length 1 in Sh and Gr^
I s A/ where A = area of cathode surface 
^ p s perimeter of cathode
d = cathode diameter
y , r vertical distance between the cathode and the horizontal diaphragm 
cd
s free liquid distance in the direction normal to the cathode
Table 4.1. since the use of the cathode diameter as the characteristic length 
in the calculation of Sh and Grm for equation 4.7 is identical to that used to 
calculate Sh and Grm in this study. It can be seen from Figure 4.3 that there 
is little agreement between the data given in Table A6.3.3 and equation 4.7.
4.1.1.2 Forced convection mass transfer
Forced convection mass transfer is usually expressed in the form of 
Gilliland - Sherwood correlation
Sh = a Reb Scc 4.8
where a, b and c are constants. For agitated vessels, Sh, Re and Sc in equation
( )
4.8 are defined by equations 4.3, 4.1 and 2.11 respectively
For all the IL~/Vdata where #> o rpm given in Appendix A6.3, mass transfer 
in the electrolytic mixing cell was by forced convection. The calculation of 
Sh, Re and Sc for this data (see example given in Section 4.1.1.1 ) was carried 
out by the computer program MASS given in Appendix A7.1. This derived data is 
tabulated in Appendix A6.3.
Several investigators have found by experiment that the exponent of Sc in 
the Gilliland - Sherwood correlation for agitated vessels is \. This is in 
agreement with the theoretical prediction of the boundary layer concept of
/  n  G O  \
mass transfer . Thus equation 4.8 can be rewritten as
Sh = a Reb Sc3 4,9
The values of a and b in equation 4.9 was determined by the least squares
method since equation 4.9 can be linearised into
Sh
In — i = In a + bln Re 4.10
Sc3
The derived data for all the runs where N > 0 rpm given in Appendix A6.3
i
were plotted in Figure 4.4 as Sh/Sc versus Re on logarithmic co-ordinates.
Using the least squares method, it was found that the 210 data points were
correlated by
Sh = 1.0330 Re0'5644 Sc3 4,11
with a standard deviation of 0.1236. The correlation coefficient for equation 
4.11 was found to be 97.6%.
130
FIGURE t+.U A PLOT OF Sh/Sc VERSUS Re FOR THE ELECTROLYTIC MIXING CELL WITHOUT THE PRESENCE 
OF GLASS SPHERICAL PARTICLES ON THE CATHODE






A summary of the correlations that have been proposed in the literature 
for forced convection mass transfer in agitated vessels where the impeller is 
of the turbine type is given in Table 4.2. It can be seen from Figure 4.5 that 
equation 4.11 is in reasonable agreement with the mass transfer correlations 
given in Table 4.2. Differences between equation 4.1 1 and the other mass 
transfer correlations can be attributed to the differences between the 
geometrical configuration of the mixing cell used in this study (see Table 
4.3) and of the agitated vessels used in the other studies (see Table 4.2).
4.1.2 Mass transfer in the electrolytic mixing cell with the presence of 
glass spherical particles on the cathode
From the plots of average current with potential as a function of the 
impeller rotational speed for the electrolytic mixing cell with the presence 
of one or more layers of glass spherical particles of known dimensions on the 
cathode, it was found that a limiting current is obtained for each 
current-potential curve when the potential is the range of 0.8 - 1.4 volts. A 
typical plot is shown in Figure 4.6. Details of the data used in Figure 4.6 are 
given in Appendix A6.4.
By setting the potential at -0.9V, the average limiting current can be
measured as a function of the impeller rotational speed. As an example, the
variation of average limiting current with impeller rotational speed for the 
electrolytic mixing cell with the presence of 1•layer of 3mm glass spherical 
particles on the cathode is given in Figure 4.7. Details of the data used in 
Figure 4.7 are given in Appendix A6.5. Schematic diagrams of this layer at 
four different impeller rotational speeds are shown in Figure 4.8. From 
Figures 4.7 and 4.8, it can be seen that there are two regimes, namely
1. the glass spherical particles on the cathode behaving as a fixed bed
at N < Nr
2. the glass spherical particles on the cathode behaving as a fluidised bed 
at n > Nr
where is the impeller rotational speed at which fluidisation begins to 
occur. In this study, the 1^-N data for the electrolytic cell with the 
presence of one or more layers of glass spherical particles of known 
dimensions on the cathode was normally only obtained for N< Nf. This data is 
given in Appendix A6.6.
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TABLE 4.2 CORRELATIONS FOR FORCED CONVECTION MASS TRANSFER IN AGITATED VESSELS
VESSEL DIMENSIONS
AUTHOR VESSEL IMPELLER d, 2 2 w 1 w
ELECTROCHEMICAL SYSTEM CORRELATION
d i 1 i b b B
v d d d d. d . nB d
(m)
V V V 1 i V
(389)
Mizushlna et al Flat bottomed 6 flat-bladed O.l 0.66 1.04 7 0.3-1.2 7 0 CuSO /H SO solution Sh
i l
- 0.36 Re* Sc
cylindrical vessel hub-mounted
4 2 4
Lelan and A n g e l l n o * Flat bottomed 6 flat-bladed, 0.28 0.22 1.0 0.2-0.<
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FIGURE 4.5 A PLOT OF Sh/Sc VERSUS Re SHOWING THE COMPARISON BETWEEN EQUATION 4.11 AND THE MASS 
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TABLE 4.3 GEOMETRICAL CONFIGURATION OF THE ELECTROLYTIC MIXING 
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6 CURRENT-POTENTIAL CURVES AS A FUNCTION OF THE IMPELLER ROTATIONAL SPEED FOR THE 
ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 1 LAYER OF 3MM GLASS SPHERICAL 






















FIGURE 4.7 THE VARIATION OF IL with N FOR THE ELECTROLYTIC: MIXING CELL WITH THE PRESENCE OF
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PARTICLES ON THE CATHODE AT FOUR DIFFERENT IMPELLER 
ROTATIONAL SPEEDS
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For all the 1^- tfdata where N > 0 given in Appendix A6.6, mass transfer in 
the electrolytic mixing cell with the presence of one or more layers of glass 
spherical particles of known dimensions on the cathode was by forced 
convection. Hence, this data was expressed in the form of the 
Gilliland-Sherwood correlation given by equation 4.8 where Sh, Re and Sc are 
defined by equations 4.12, 4.1 and 2.11 respectively
Kd ILd
Sh = —  = —  --- 4.12
D zFADc^
where K = overall mass transfer coefficient
The calculation of Sh, Re and Sc (see example given in Section 4.1.1.1) was 
carried out by the computer program MASS given in Appendix A7.1. This derived 
data is tabulated in Appendix A6.6
Several investigators have found by experiment that the exponent of Sc in 
the Gilliland-Sherwood correlation for fixed beds is |(327,392)^ Thus, 
equation 4.8 can be rewritten in the form of equation 4.9. The values of a and 
b in equation 4.9 can be determined by the least squares method since equation
4.9 can be linearised into equation 4.10.
The derived data for all the runs where N > 0 rpm given in Appendix A6.6
i
can be plotted as Sh/Sc3 versus Re on logarithmic co-ordinates. As an example, 
l
a plot of Sh/Sc3 versus Re on logarithmic co-ordinates for the electrolytic 
mixing cell with the presence of 1 layer of 3mm glass spherical particles on 
the cathode is given in Figure 4.9. Using the least squares method, the
correlations for these plots are listed in Table 4.4 together with the number 
of data points used for the correlation, the standard deviation and the
correlation coefficient.
It was noted from the correlations given in Table 4.4 that for a simulated 
fouling deposit which constituted of glass spherical particles of a fixed 
particle diameter, dp resting on the cathode, the exponent b is reasonably 
independent of the number of layers which constitute the simulated fouling 
deposit, n^ . This is clearly shown in Figure 4.10 where the lower and upper 
values of b for each dp is plotted against dp. The b~dp data given in Figure
4.10 first increases to a maximum at dp = 0.8mm and then decreases to an
asymptote where b at d > 12mm + b at d = 0mm. Several attempts have been
r  r
made to model this data using non-linear least squares analysis. The best
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FIGURE 4.9 A PLOT OF Sh/Sc3 VERSUS Re FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF
1 LAYER OF 3MM GLASS SPHERICAL PARTICLES ON THE CATHODE
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TABLE 4 .4  A SUMMARY OF THE MASS TRAN5FER CORRELATIONS FOUND FOR THE VARIOUS
EXPERIMENTAL CONDITIONS IN  THE ELECTROLYTIC MIXING CELL LISTED














NONE 210 Sh -  1 .0330
_ 0 .5644 „ 0 .3333  Re Sc 0.1236 97.6%
0 .368 1 7 Sh = 0.0288 _ 0 .9186 _ 0 .3333  Re Sc 0.0203 99.9%
2 5 Sh = 0.0053 _ 1 .0812  „ 0 .3333  Re Sc 0.0646 99.8%
3 4 Sh = 0.0037 _ 1 .1122  _ 0 .3333  Re Sc 0.0630 99.4%
0.695 1 40 Sh = 0 .0059 _ 1 .1205 _ 0 .3333  Re Sc 0.0913 99.5%
2 38 Sh = 0 .00041 Re1- - 1106 Sc0 -3333 0.2137 97.1%
3 35 Sh = 0.0087 _ 1 .0215 _ 0 .3333  Re Sc 0.1693 97.0%
4 24 Sh = 0.0024 D 1 .1799 _ 0 .3333  Re Sc 0.1126 98.5%
5 21 Sh = 0.00054 D 1 .3471  _ 0 .3333  Re Sc 0.1329 98.5%
0 .805 1 35 Sh = 0.0025 _ 1.2526 _ 0 .3333  Re Sc 0.1339 98.1%
2 21 Sh = 0.00041 _ 1 .4517  _ 0 .3333  Re Sc 0.0871 99.5%
3 29 Sh = 0.00018 _ 1.4998 _ 0 .3333  Re Sc 0.1265 99.1%
4 26 Sh = 0.00018 _ 1 .4784 „ 0 .3333  Re Sc 0.0740 99.7%
5 27 Sh = 0 .000058Re1* 6155 S c ° ‘ 3333 0.1572 98.8%
6 21 Sh = 0.00028 D 1 .4167 _ 0 .3333  Re Sc 0.0928 99.4%
1.29 1 18 Sh = 0.0026 _ 1 .2525 _ 0 .3333  Re Sc 0.0991 99.4%
2 11 Sh = 0.0015 D 1.2913 _ 0 .3333  Re Sc 0.1053 99.3%
3 7 Sh = 0.0016 _ 1.2689 _ 0 .3333  Re Sc 0.0852 99.5%
4 19 Sh = 0.0023 D 1.2188 0 0 .3333  Ke sc 0.1609 98.3%
1, 34 1 11 Sh = 0.0163
_ 1.0286 n 0 .3333  Re Sc 0.0676 99.6%
2 10 Sh = 0.0019
D 1.2707 _ 0 .3333  Re Sc 0.0698 99.6%
3 12 Sh = 0.0018
_ 1.2641 0 .3333  Re Sc 0.0595 99.7%
4 12 Sh = 0.00084 _ 1 .3290 _ 0 .3333  Re Sc 0.1015 99 .3%
5 10 Sh = 0 .0020 _ 1.2198 0 0 .3333  Re Sc 0.0671 99.6%
6 8 Sh = 0.0024 _ 1.1824 e 0 .3333  Re Sc 0.0542 99.7%













1 48 Sh = 0.0074 _ 1.1402  Re _ 0.3333  Sc 0.1664 98 .5%
2 50 Sh = 0.0023 D 1.2722  Re 0 0 .3333  Sc 0.1160 99.3%
3 47 Sh = 0.0043 D 1.1812  Re _ 0 .3333Sc 0.0855 99.5%
4 43 Sh = 0.0085 D 1.0959  Re „ 0 .3333  Sc 0.0900 98.9%
5 48 Sh = 0.0053 D 1.1474  Re c 0 .3333SC 0.0456 99.6%
6 24 Sh = 0.0091 D 1.0727  Re e 0.3333  sc 0.0489 99.4%
3 . 0 1 68 Sh = 0 .0 4 0 1 _ 0 .9 4 9 1  Re _ 0 .3 3 3 3SC 0.1488 98.0%
2 54 Sh = 0 .04 74 n 0 .92 24  Re e 0 .3 3 3 3  SC 0.1 394 98.2%
3 54 Sh = 0 .0 2 8 0 D 0 .9 516  Re e 0 .3 3 3 3  SC 0.1 4 5 0 97.8%
4 35 Sh = 0 .0 3 2 2 Re0 . 9 2 3 0 0 0 .3 3 3 3  SC 0 .14 46 97.6%
5 18 Sh = 0 .03 64 Re0 ’ 9125 e 0 .3 3 3 3  Sc 0 .05 36 99.7%
6 14 Sh = 0.0 514 „ 0 .8 603  Re 0 0 .3 3 3 3  Sc 0.0423 99.7%
7 10 Sh = 0 .0 2 4 9 _ 0 .9 297  Re  ^ 0 .3 3 3 3wC 0.0 73 2 99.4%
5 . 0 1 19 Sh = 0 .0 9 6 0 D 0 .8 2 1 0  Re 0 0 .3 3 3 3  sc 0.0 6 8 7 99.6%
2 19 Sh = 0 .1 195 D 0 .7 782  Re _ 0 .3 3 3 3  sc 0 .0 4 8 0 99.7%
3 15 Sh = 0 .0 7 1 6 _ 0 .8 222  Re 0 0 .3 3 3 3bC 0 .0 4 5 0 99.8%
4 18 Sh = 0 .0 763 D 0 .8 0 1 1  Re _ 0 .3 3 3 3  Sc 0 .0 3 7 2 99.8%
7 . 0
i
1 30 Sh = 0 . 1 3 4 7 '
„ 0 .7 8 5 7  Re
.  0 .3 3 3 3  Sc 0 .0 881 99.2%
2 30 Sh = 0 .0 8 4 4
_ 0 .8 2 4 2  Re
-  0 .3 333  Sc 0 .0 704 99.4%
3 26 Sh = 0 .1 0 2 2
n 0.7 81 3  Re
.  0 .3 3 3 3  Sc 0.0 573 99.6%
.0.0 1 21 Sh = 0 . 2 1 8 1
_ 0 .7 3 2 9  Re
.  0 .3 3 3 3  Sc 0 .0 945 98.6%
2 26 Sh = 0 .1 1 8 9
_ 0 .7 923  Re
.  0 .3 3 3 3  Sc 0 .0 4 3 5 99.6%
.2 .0 1 30 Sh = 0 .4 3 1 5
n 0 .6 372  Re c 0 .3 3 3 3SC 0.0 636 99.0%
2 22 Sh = 0 .3 0 5 7
_ 0 . 6514  Re
e 0 .3 3 3 3  Sc 0.0 98 6 98.4%
142




0 .5 Equation 4.13
0.0
0 5 1510
PARTICLE DIAMETER ( m m )
model (shown in Figure 4.10) was found to be
n , -0.2924dD -3.1486dD
b = 0.5644 + 1.0081 (e p - e p) 4.13
In general, it was noted from the correlations given in Table 4.4 that for 
a simulated fouling deposit which constituted of glass spherical particles of 
a fixed dp resting on the cathode, the constant a decreases non-linearly with 
increasing n^ . This is clearly shown in Figure 4.11 where a is plotted against 
n^ for the simulated fouling deposit constituting of 3mm glass spherical 
particles. Furthermore, it was found from the plots of a-dp data for n^ = 1, 
nl = 2» ni = 3, = 4, n^ = 5, n^ = 6 and n1 = 7 given respectively in
Figures 4.12 - 4.18 that the a-dp data for each n^ first decreases to a 
minimum at dp *= 0.8mm and then increases to an asymptote where a at dp > 12mm 
+ a at dp = 0mm. Several attempts have been made to model this data using 
non-linear least squares analysis. The best model (shown in Figure 4.11 for 
dp = 3mm and in Figures 4.12 - 4.18 for n^ = 1, n^ = 2, n^ = 3» = 4, n^ = 5,
n^ = 6 and n^ = 7 respectively) was found to be
0.1 122 , -0.2672dn -4.0086dDv, , ,
a = 1.0330 exp{-7.7799 (e p - e p)} 4.14
4.2 Mass and heat transfer studies
4.2.1 Mass and heat transfer in the electrolytic mixing cell without the 
presence of glass spherical particles on the cathode
From the plots showing the effect of the cathode surface temperature upon 
the average current-potential curve at a fixed impeller rotational speed for 
the electrolytic mixing cell where the temperature difference between the 
cathode surface and the bulk solution, AT is a constant, it was found that a 
limiting current is obtained for each current-potential curve when the 
potential is in the range of 0.8 - 1.4 volts. A typical plot is shown in 
Figure 4.19. Details of the data used in Figure 4.19 is given in Appendix A6.7.
By setting the potential at -0.9V, the average limiting current can be 
measured as a function of the impeller rotational speed for various AT. The 
Il-N data obtained from several runs is given in Appendix A6.8.
Since free and forced convection mass and heat transfer can occur in 
agitated vessels, it is reasonable to assume
1H4
FIGURE 4.11 THE VARIATION OF THE EXPONENT a IN THE GILLILAND-SHERWOOD CORRELATION WITH THE NUMBER
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FIGURE 4.12 THE VARIATION OF THE EXPONENT a IN THE GILLILAND-SHERWOOD CORRELATION WITH PARTICLE
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FIGURE 4.13 THE VARIATION OF THE EXPONENT a IN THE GILLILAND-SHERWOOD CORRELATION WITH PARTICLE
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FIGURE 4.14 THE VARIATION OF THE EXPONENT a IN THE GILLILAND-SHERWOOD CORRELATION WITH PARTICLE
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FIGURE 4.15 THE VARIATION OF THE EXPONENT a IN THE GILLILAND-SHERWOOD CORRELATION WITH PARTICLE
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FIGURE 4.16 THE VARIATION OF THE EXPONENT a IN THE GILLILAND-SHERWOOD CORRELATION WITH PARTICLE
DIAMETER WHEN n = 5
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FIGURE 4.17 THE VARIATION OF THE EXPONENT a IN THE GILLILAND-SHERWOOD CORRELATION WITH PARTICLE







0 5 10 15
PARTICLE DIAMETER ( m m )
FIGURE 4.18 THE VARIATION OF THE EXPONENT a IN THE GILLILAND-SHERWOOD CORRELATION WITH PARTICLE
DIAMETER WHEN n = 7
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FIGURE 4-19 THE effect of the cathode surface temperature upon the c u r r e n t-potential curve at an impeller
ROTATIONAL SPEED OF 37.5 ± 2.2 rpm FOR THE ELECTROLYTIC MIXING CELL WITHOUT THE PRESENCE OF 
GLASS SPHERICAL PARTICLES ON THE CATHODE WHERE AT = 0
70
20 *C 35.3 rpm  
30 #C 39.7 rpm  
40 #C 38.8 rpm  
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1. free convection mass and heat transfer >> forced convection mass and heat 
transfer at very low Re
2. forced convection mass and heat transfer >> free convection mass and heat 
transfer at higher Re
2.1.1 Free convection mass and heat transfer
Simultaneous mass and heat transfer by free convection is usually 
expressed either in terms of
For cylindrical vessels with horizontal electrodes, Sh, Nu, Grm, Grh, Sc and Pr 
in equations 4.15 ~ 4.18 are defined by equations 4.3, 4.19, 4.4, 4.20, 2.11 and
2.16 respectively.
For all the 1^- N data where N = 0 rpm given in Appendix A6.8, simultaneous 
mass and heat transfer in the electrolytic mixing cell was by free 
convection. By taking Run 1.01 of Appendix A6.8 (ie. N= 0 rpm, IL = 3.2mA,
Ta = 18.0°C, Ih = 0.069A, R^ = 114.50) as an example, the calculation of Sh, Nu, 
Re, Grm, Gr^, Sc and Pr carried out by the computer program MAHE given in 
Appendix A7.2 was as follows:
The physical properties of the electrolytic solution required for the 
dimensionless numbers were calculated at the mean film temperature, Tf:
Sh = a (GRmSc)b 4.15
where GRm is the combined Grashof number for mass transfer defined by^*^ ^
4.16
or
Nu = a (GRhPr)b 4.17






= 0.005M, Tb = 16.0°C, TS1 = 18.0°C, T ^  = 20.7°C, = 18.0°C, Tw = 20.0 °C,
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f 2
in which T , the mean cathode surface temperature, is defined by
4.21








where r is the radial distance from the centre of the cathode.
The temperature profile across the cathode was assumed to be that shown in 
Figure 4.20 where T between r= 0 and r = ^ is given by
T - T.
T S1 + T s 3
4.23
Substituting equation 4.23 into equation 4.22 for T and integrating yields
Tsi + Ts3
Ts -








Hence, from equations 4.24 and 4.25
20.7 + 18.0 + 18.0




Tr ■ - 17.68 °C
Using the method of calculation shown in the example given in Section
4.1.1.1 where Tf was used instead of Tb, it was found that
p = 1.0247 g/cm3
155
FIGURE 4.20 THE ASSUMED TEMPERATURE PROFILE ACROSS
THE CATHODE
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v = 1.1423 mm2/s
p = 1.1 705 x 10 2g/cm s
D = 6.2118 x 10-6cm2/s
= -5.3000 x 10 11
m
The thermal conductivity of the electrolytic solution defined by equation 3*5 
was found to be
„ feH,0('7-68°O 
*07.68°) - *(20°) k^ 2Q6v  '
where %{^q (20°C) was computed from equations 3.7 and 3*8 to be 0.59848 W/m K
feH2 0 d 7.6 8°C) was computed from equations 3*7 and 3.8 to be 0.59425 
W/m K
k(20°C) was found from equation 3*6 to be
k(20°C) = ku n(20°C) + a i-C o_ + o k-C a-
2 Fe(CN) 6 3 Fe(CN) 6 3 Fe(CN) 6 4 Fe(CN)6^
+ a -o - + a +c + + a +o +
OH OH Na Na K K
=» 0.5985 x 10~2 + (18.61 x 10~5 x 0.005) + (18.61 x 10~5 x 0.005)
+ (20.934 x 10" 5 x 0.5) + (0 x 0.5) + ("7.560 x 10~5 x 0.035)
assuming a , x o_ = a . v a- 
B Fe(CN) 63 Fe(CN) 6 4
= 6.0889 x 10~3 W/cm K 
Hence, = 6.0899 x 10 3 W/cm K
The heat capacity of the electrolytic solution defined by equation 3*18 was 
found to be
1 _ 0.02376 
CP _ ' 1.0247
= 0.9768 BTU/lb °F 




for the electrolytic solution required in the evaluation of
h
Gr^ was found from equation 3.24 to be
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[“ ]
p( 19.35) - p(1 6.0) 
P (19.35)
where p(19.35) = 1.0239 g/cm^ 





------------  = 1 .*1650 x 10
1.0239
The heat transfer coefficient, h required for the calculation of Nu is 
given by
<3b
h = — -------- *1.26
^ Ts - Tb)
in which q^ , the heat input into the electrolytic solution, is obtained from 
an overall heat balance around the nickel cathode (see Figure *1.21 ):
%  - Ih2fih ' <>L H'27
where 1^ = heater current
= heater resistance 
q^ = total heat heat loss from the electrolytic mixing cell
The total heat loss from the electrolytic mixing cell is given by
qL = qL1 + qL2 + qL3 + qLij + qL5 *^28
where qL  ^ = heat loss through the neoprene gasket
qL2 = heat loss through the central nickel rod
qL  ^ = heat loss through the Sindanyo base plate and accessories
q^^ = heat loss from the Sindanyo base plate and accessories to air by
free convection
q^ = heat loss from the central nickel rod to air by free convection 
The heat loss through the neoprene gasket is given by
qL, = -  V T, ^












2= rn d|| - do ) = -(9.0^ - 7.6^) = 18.2527 cmc
AT, *
T + T o T. + T s-( So b a
  + ------ |~18.0 +18.0 _ 16.0 +I6.0~j_ 1 q0(
Hence, q^ = 0.0209W
The heat loss through the central central rod is given by
k2
% 2 ” x2 ^2 AT2
4.30
where & 2 = 0.60564 W/cm K(393)
x2 = 5.0 cm
A2 = Jd12 = J(°-3175) 2 = 0.0792 cm2
AT9 = Tq - T_, = 0 since T_, = T_d S£ Sij sij S2
Hence, qL = 0W
The heat loss through the Sindanyo base plate and accessories is given by
c3
4.31
where k. = 1 .0818 x 10 3 W/cm K
x3 = 0.9525cm
X|| = 1.0 cm
tt,, 2
^ 3 = ^(dn - d,2) = J(9.02 - 0.31752) = 63.5381 cm2
A "(J 2 
\  = i/ d2 - d,2) = J(6.42 - 0.31752) = 32.0907 cm2
AT3 • T s 2 - "t X3 (T - T ) s2 w J
-j





(20.7 ~ 2 0.0 )
= 0.34 °C
AT 1, - (T, - T ) - Tw 'I ws2 x3 + x^  ' * s2




Hence, qL  ^ « 0.0370W
The heat loss from the Sindanyo base plate and accessories to air by free 
convection is given by
9l, = ha^3AT5
where ha = 1.8657
= 1.8657







( 3 9 * 0
-4
4.32
= 1.2810 x 10 4 W/cm2 K 
A 3 = J(d42 " d12) = J(9.02 " 0.31752) = 63.5381 cm2
AT5 * Tw - Ta = 20.0 - 18.0 = 2.0°C
Hence, = 0.0163W
The heat loss from the central nickel rod to air by free convection is given
by
% 5 “ ha'42AT6 4 . 3 3






20.6 ~ 18.0 0, 25 _4f - 1 
L 0.3175 J
x 10 since Ts = T,
= 3.1562 x 10  ^ W/cm2 K
a2 “ Jd12 = J(0.31 75) 2 = 0.0792 cm2
* T6 - - Ta = 20.7 - 18.0 since Ts  ^ * = 2.7°C
Hence, qL = 6.7 x 10 ^W
5
Thus, from equations 4.28,4.27 and 4.26, it was found that
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qL = 0.0209 + 0 + 0 .0370 + 0.01 63 + 6.7 x 10~5
= 0.0743W




J(7.6 ) 2 (19.35 - 16.0 )
= 3.0845 x 10 3 W/cm2 K 
Using the above physical property and heat transfer data it was found that
1. the Sherwood number defined by equation 4.3 is given by
3.2 x 10~3 x 7.6
Sh =
1 x 96487 x J(7.6 ) 2 x 6.2118 x 10 6 x 0.005 x 10 3
= 178.9
2. the Nusselt number defined by equation 4.19 is given by
3.0845 x 1 0 " 3 x 7.6
Nu =
6.0459 x 10 3
= 3.9
3. the Reynolds number defined by equation 4.1 is given by
Re = ---- - -
1.1423 x 1 0 " 2
= 0
4. the Grashof number for mass transfer defined by equation 4.4 is given by
980.655 x (7.6 ) 3
Grm — n o x
m (1.1423 x 10 )
- 1.7485 x 106
■5.3000 x 10" 4
5. the Grashof number for heat transfer defined by equation 4.20 is given by
980.655 x (7.6) 3 „
Grb =  _2 ~2 x 1.4650 x 10 ^
(1.1423 x 10 )
162
= 4.833 x 107
6. the Schmidt number defined by equation 2.11 is given by
1.1423 x 1 0~ 2 Sc =  
6 .2118 x 10 b 
= 1838.9
7. the Prandtl number defined by equation 2.16 is given by
1.1705 x 10~2 x 4.0870 
Pr = ------------- -------
6.0459 x 10" 3
= 7.9
The derived data obtained from the computer program MAHE for all the
1^- N data where N = 0 rpm is tabulated in Appendix A6.8.
Studies in free convection mass and heat transfer at horizontal surfaces
(9 7 1 )is limited in the literature. Wragg and NasiruddinVJ ' used the cathodic 
deposition of copper from acidified copper sulphate solution to study free 
convection mass and heat transfer at a heated horizontal copper cathode. They 
found their results to be well correlated by
Sh = 1.75 (GRmSc>° -227 for ’ ° 7 < GRmSc < 5 x 109 ^
and
Sh = 0.163 (GRmSc) 0 *33 for 5 x 109 < GRmSc < 1012 4.35
The derived data for all the runs where N = 0 rpm given in Appendix A6.8 
were plotted in Figure 4.22 as Sh versus GRmSc on logarithmic co-ordinates 
and in Figure 4.23 as Nu versus GR^Sc on logarithmic co-ordinates. From
equations 4.34 and 4.35, it can be concluded that the exponent b in equation
9 94.15 is approximately £ when GRmSc < 5 x 10 and | when GRmSc > 5 x 10 .
Since GRmSc > 5 x 1 0 ^  in this study, the exponent b in equation 4.15 was
assumed to be g. Using the least squares method, it was found that the 13 data
points given in Figure 4.22 were correlated by
i
Sh = 0.0444 (GRmSc) 5 4.36
As shown in Figure 4.22, this equation was found to compare poorly with
163
FIGURE 4.22 A PLOT OF Sh VERSUS GR^Sc SHOWING THE COMPARISON BETWEEN EQUATION 4 . 3 6 OBTAINED FOR 
ALL RUNS GIVEN IN APPENDIX A6 . 8 WHERE N = 0 rpm AND WRAGG AND NAISRUDDIN'S 









FIGURE 4.23 A PLOT OF Nu VERSUS G R ^ r  SHOWING THE COMPARISON BETWEEN EQUATION 4.3 7 OBTAINED
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GRhPr
equation 4.35.
Since GR^Sc < 5 x 1 0 ^  in this study, the exponent b in equation 4.17 was
assumed, by analogy with equation 4.15, to be Using the least squares 
method, it was found that the 13 data points given in Figure 4.23 were 
correlated by
As shown in Figure 4.23, this equation was found to compare poorly with the 
analogous equation 4.34.
4.2.1.2 Forced convection mass and heat transfer
Unlike the correlations for simultaneous mass and heat transfer by free 
convection which uses GRm and GRh instead of Grm and Grh to take account of 
both concentration and thermal buoyancy effects, the correlations for 
simultaneous mass and heat transfer by forced convection are those for mass 
transfer and heat transfer alone by forced convection where the physical 
properties for Sh, Nu, Re, Sc and Pr are calculated at T^ .
For agitated vessels, mass transfer by forced convection is usually 
expressed in the form of the Gilliland-Sherwood correlation^®?) given by 
equation 4.8 where Sh, Re and Sc are defined by equations 4.3, 4.1 and 2.11 
respectively whereas heat transfer by forced convection is usually expressed 
in terms of
where Nu, Re and Pr are defined by equations 4.19, 4.1 and 2.16 respectively.
For all the 1^- N data where N > 0 rpm given in Appendix A6.8 , mass and heat 
transfer in the electrolytic mixing cell was by forced convection. The 
calculation of Sh, Nu, Re, Sc and Pr for this data (see example given in 
Section 4.2.1.1) was carried out by the computer program MAHE given in 
Appendix A7.2. This derived data is tabulated in Appendix A6.8.
Several investigators have found by experiment that the exponent of Sc and 
Pr in equations 4.8 and 4.38 for agitated vessels is -3. Thus, equations 4.8 and 
4.38 can be rewritten in the form of equations 4.9 and 4.39
Nu = 0.1609 (GRhSc)* 4.37
Nu = a RebScc 4.38
Nu = a Reb Pr5 4.39
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The values of a and b in equations 4.9 and 4.39 can be determined by the least 
squares method since equations 4.9 and 4.39 can be linearised into equations
4.1 0 and 4.40
Nu . .
In — - = In a + bln Re 4.40
Pr5
The derived data for all the runs where N > 0 rpm given in Appendix A6.8
i
were plotted in Figure 4.24 as Sh/Sc3 versus Re on logarithmic co-ordinates
i
and in Figure 4.25 as Nu/Pr5 versus Re on logarithmic co-ordinates. Using the 
least squares method, it was found that the 89 data points given in Figures 
4.24 and 4.25 were correlated by
Sh = 2.5244 Re0 ,4205 Sc3 4,41
Nu = 0.4555 Re0 *462 2 Sc3 ^ 2
The standard deviation and correlation coefficient for equations 4.41 and
4.42 were found respectively to be 0 .1 218 and 94.3% and 0 .3382 and 74.7$.
It can be seen from Figure 4.26 that equation 4.41 is in some agreement 
with equation 4.11 that was plotted for forced convection mass transfer in 
the electrolytic mixing cell. The difference in the two slopes can be
possibly be attributed to the errors introduced by the use of T^ to calculate 
the physical properties in equation 4.41 rather than the use of T^ .
A summary of the correlations that have been proposed in the literature 
for forced convection heat transfer in agitated vessels where the impeller is 
of the turbine type is given in Table 4.5. It can be seen from Figure 4.27 that 
equation 4.42 is in poor agreement with the heat transfer correlations given 
in Table 4.5. Differences between equation 4.42 and the heat transfer
correlations can be attributed to the differences between the geometrical 
configuration of the mixing cell used in this study (see Table 4.3) and of the 
agitated vessels used in other studies (see Table 4.5) and possibly the 
difficulties in estimating q^ required for the calculation of Nu in this 
study.
It can be seen from the comparison of equations 4.41 and 4.42 that the 
exponents on Re are similar whereas the constants are different. The 
difference in the constants can be attributed to Sc3 being 5~6 times larger
i
than Pr3 for the electrochemical system used in this study.
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FIGURE 4. 24 A PLOT OF Sh/Sc VERSUS Re FOR THE ELECTROLYTIC MIXING CELL WITHOUT THE PRESENCE
OF GLASS SPHERICAL PARTICLES ON THE HEATED CATHODE
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FIGURE U.25 A PLOT OF Nu/Pr3 VERSUS Re FOR THE ELECTROLYTIC MIXING CELL WITHOUT THE PRESENCE OF
GLASS SPHERICAL PARTICLES ON THE HEATED CATHODE
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FIGURE 4.27 A PLOT OF Nu/Pr VERSUS Re SHOWING THE COMPARISON BETWEEN EQUATION 4 . 4 2 AND THE HEAT 
TRANSFER CORRELATIONS GIVEN IN TABLE 4.5
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4.2.2 Mass and heat transfer in the electrolytic mixing cell with the 
presence of glass spherical particles on the cathode
From the plots showing the effect of the cathode surface temperature upon 
the average current-potential curve of a fixed impeller rotational speed for 
the electrolytic mixing cell with the presence of one or more layers of glass 
spherical particles of known dimensions on the cathode where AT is a 
constant, it was found that a limiting current is obtained for each 
current-potential curve when the potential is in the range of 0 .8 -1.4 volts. 
Hence, by setting the potential at -0.9V, the average limiting current can be 
measured as a function of the impeller rotational speed for various AT. In 
this study, the I^-Wdata was obtained for N <  Nf.  This data is given in 
Appendix A6.9.
For all the I^-tfdata where N> 0 rpm given in Appendix A6.9, simultaneous 
mass and heat transfer in the electrolytic mixing cell with the presence of 
one or more layers of glass spherical particles of known dimensions on the 
cathode was by forced convection. Hence, this data was expressed in terms of 
equations 4.8 and 4.39 where Sh, Nu, Re, Sc and Pr, are defined by equations 
4.12, 4.43, 4.1, 2.11 and 2.16 respectively.
hfd
Nu = —  4.43
where hf = heat transfer coefficient for the fluid phase
By taking Run 1.02 of Table A6.9.1 (ie. dp = 0 .3 mm, n1 - 1, 24.5 rpm,
IL = 6.1mA, c h = 0.005M, Tfe = 18.3°C, T^ = 25.3°C, T ^  = 32.1 °C, T = 25.3°C, 
Tw = 26.9°C, Ta = 16.6 °C, Ih = 0.148A, Rh = 114.50) as an example, the
calculation of Sh, Nu, Re, Sc and Pr carried out by the computer program MAHE 
given in Appendix A7.2 was as follows:
Using the method of calculation shown in the example given in Section 
4.2.1.1, it was found that
T = 28.7 °CO
Tf = 23.5°C
p = 1.0219 g/cm3
v = 1.0079 mm2s
p = 0.01030 g/cm s
173
D = 7.20 x 10 6
k = 6.164 x 10 ^
Cp = 4.0867 J/g K
qh






The heat transfer coefficient for the fluid phase required for the 
calculation of Nu is given by
Qf
hf =  -------- 4.44
1 i4(Ts - Tb)
in which qff the heat input into the fluid phase, is given by
qf = Ih2Rh - qL " qp 4.45
in which qp, the heat input into the particulate phase, is given by
Op
W 1 - e) 'Ts - V
x
4.46
where &eff was estimated from Yagi, Kunii and Wakao's correlation for a
( 404 )stagnant porous solid saturated with liquid' '
^eff = G f^ + *^47
e = 0.39 for a random packed bed of uniform spherical
particles^®-**^^ ^
Tit the simulated fouling deposit/electrolytic solution interfacial
temperature is assumed to be equal to Tf
x, the simulated fouling deposit thickness is estimated from
a; - dp(0.933ni + 0.067) 4.48
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The basis of equation 4.48 is outlined in Appendix A8.
Thus from equations 4.47, 4.48, 4.46, 4.45 and 4.44, it was found that
x = 0.3(0.933 x 1 + 0.067)
= 0 .3 cm
kQff = 0.39(6.1 64 x 10”3) + (1 - 0.39)(0.848 x 10~2) 
= 7.5768 x 10" 3 W/cm K
7.5768 x 10~3 (1 - Q.39) (28.7 ~ 23.5)
QP 0 .3
= 0.0803W
qf = (0.148 ) 2 x 114.5 - 0.5645 - 0.0803 
= 1.8632W
1 .8 6 3 2
hf
J(7.6) 2 (28.7 - 18.3)
= 3.9492 x 10“ 3 W/cm2K
Using the above physical property and heat transfer data, the Nusselt 
number defined by equation 4.43 was found to be
3.9492 x 10"3 x 7.6
Nu =
6 .1 6 4  x 10 3
= 4.87
while the other dimensionless groups (see example given in Section 4.2.1.1 for 





The derived data obtained from the computer program MAHE for all the 
IL~ data is tabulated in Appendix A6.9.
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Several investigators have found by experiment that the exponent of Sc and 
Pr in equations 4.8 and 4.38 for fixed beds is ^ 327,392-phus, equations 4.8 
and 4.38 can be rewritten in the form of equations 4.9 and 4.39. The values of 
a and b in equations 4.9 and 4.39 can be determined by the least squares 
method since equations 4.9 and 4.39 can be linearised into equations 4.10 and 
4.40.
The derived data for all the runs where N > 0 rpm given in Appendix A6.9
1 1
can be plotted as Sh/Sc3 versus Re on logarithmic co-ordinates and Nu/Pr3
1
versus Re on logarithmic co-ordinates. As an example, plots of Sh/Sc3 versus
1
Re on logarithmic co-ordinates and Nu/Pr3 versus Re on logarithmic 
co-ordinates for the electrolytic mixing cell with the presence of 1 layer of 
3mm glass spherical particles on the heated cathode are respectively given in 
Figures 4.28 and 4.29. Using the least squares method, the correlations for 
these plots are listed in Table 4.6 together with the number of data points 
used for the correlation, the standard deviation and the correlation 
coefficient.
It was noted from the mass and heat correlations given in Table 4.6 that 
for a simulated fouling deposit which constituted of glass spherical 
particles of a fixed dp resting on the heated cathode, the exponent b is 
reasonably independent of the number of layers which constitute the simulated 
fouling deposit, n^ . This is clearly shown in Figures 4.30 and 4.31 where the 
lower and upper values of b in equations 4.9 and 4.39 for each dp are 
respectively plotted against dp. It can be suggested from Figures 4.30 and
4.31 that the b-dp data first increases to a maximum and then decreases to an 
asymptote where b at dp > 12mm -»• b at dp = 0mm. Due to insufficient data 
given in Figures 4.30 and 4.31, no attempt was made to model this data.
In general, it was noted from the mass and heat transfer correlations 
given in Table 4.6 that for a simulated fouling deposit which constituted of 
glass spherical particles of a fixed dp resting on the heated cathode, the 
constant a decreases non-linearly with increasing n^ . This is clearly shown 
in Figures 4.32 and 4.33 where a in equations 4.9 and 4.39 are plotted against 
n-^ for the simulated fouling deposit constituting of 3mm glass spherical 
particles. Furthermore, it can be suggested from Figures 4.34 and 4.35 where a 
in equation 4.9 is plotted against dp for n^ = 1 and n-^ = 2 respectively and 







FIGURE 4.28 A PLOT OF Sh/Sc3 VERSUS Re FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 1 LAYER
' 4
OF 3MM GLASS PARTICLES ON THE HEATED CATHODE
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FIGURE U.29 A PLOT OF Nu/Pr VERSUS Re FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 1 LAYER
OF 3MM GLASS SPHERICAL PARTICLES ON THE HEATED CATHODE
0.9043 0.3333Nu 0.006759 Re1 0 0
1
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TABLE U .6 A SUMMARY OF THE MASS AND HEAT TRANSFER CORRELATIONS FOUND FOR THE VARIOUS EXPERIMENTAL CONDITIONS IN THE 
ELECTROLYTIC MIXING CELL LISTED IN TABLE 3.7
























Sh = 2.524* Re0 *"205 Sc°‘ 3333
Sh = 0.2440 Re0 *6990 s c ° '3333
Sh = 0 .-813 Re0 *6002 Sc0 *3333
Sh = 0.8663 Re0 *5*435 Sc°*3333 
Sh = 1.1009 Re0 ' * 962 Sc0 ' 3333
Sh ,  1.7855 Re0 **4655 Sc0 ’ 3333 
Sh = 1 . — 56 Re0 **41450 Sc0 *3333
0.1218 94.3% Nu = 0.4555 Re0 *4622 Pr ° * 3333 0.3382
0.0835 97.9% Nu = 0.006759 Re0,9043 Pr ° ' 3333 0.2477
0.6991 0.33330.1087 93.3% Nu = 0.02819 Re Pr 0.1172
0.0603 98.4% Nu = 0.1255 Re<>.5777 pr 0.3333 0 .2U88
0.5840 0.33330.0992 96.0% Nu = 0.1114 Re Pr 0.2441
0.4612 0.33330.1049 95.5% Nu = 0.3821 Re Pr 0.2647
















PARTICLE DIAMETER ( m m )






PARTICLE DIAMETER ( m m )
FIGURE 4.32 THE VARIATION OF THE EXPONENT a IN EQUATION 4.9 WITH THE NUMBER OF LAYERS OF
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= 1 and n^ = 2 respectively that the a~dp data for each n-^ first decreases 
to a minimum and then increases to an asymptote where a at dp > 12mm + a at 
dp = Omm. Due to insufficient data given in Figures 4.3*1 - 4.37, no attempt 
was made to model this data.
It can be seen from the comparison between the mass transfer correlations 
given in Tables 4.4 and 4.6 that for a given simulated fouling deposit, the 
values of a given in Table 4.6 are greater than the corresponding values of a 
given in Table 4.4 whereas the values of b given in Table 4.6 are less than the 
corresponding values of b given in Table 4.4. However, it was generally found 
that the mass transfer correlations given in Table 4.6 are in some agreement 
with those given in Table 4.4. This is clearly shown in the example shown in 
Figure 4.38. The difference in the two slopes can possibly be attributed to 
the errors introduced by the use of Tf to calculate the physical properties 
in the mass transfer correlations given in Table 4.6 rather than the use of
Tb-
In general, it can be seen from the comparison between the mass and heat
transfer correlations given in Table 4.6 for a given simulated fouling
deposit, that the exponent on Re is similar whereas the constants are
1
different. The difference in the constants can be attributed to Sc3 being 5-6
1






FIGURE U.38 A PLOT OF Sh/Sc' VERSUS Re SHOWING THE COMPARISON BETWEEN THE EQUATIONS GIVEN IN
TABLE 4.6 and 4.4 FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 3MM GLASS
SPHERICAL PARTICLES ON THE CATHODE
Equation given in 
Table 4.4








5. DISCUSSION OF RESULTS
For the electrolytic mixing cell with the presence of glass spherical 
particles of known dimensions acting as a simulated fouling deposit on the 
cathode, the transport of the reacting species from the bulk solution to the 
cathode involves two steps:
1. the diffusion of the reacting species from the bulk solution to the 
deposit - solution interface
2. the diffusion of the reacting species through the deposit to the cathode 
Hence, the rate of transport of the reacting species from the bulk solution to 
the cathode can be described in terms of the model proposed by Galloway 
for growth of calcereous deposits on cathodic steel surfaces in sea water:
in which D„ for a simulated fouling deposit is given by 
F
where is the tortuosity of the simulated fouling deposit
The tortuosity of the simulated fouling deposit, defined as the ratio of 
the path length travelled by the reacting species in the simulated fouling 
deposit to the thickness of the simulated fouling deposit, can be estimated 
from
1.023n! - 0.023 
t = 0.933ni + 0.067 5*3
The basis of equation 5.3 is given in Appendix A9.
Galloway^^ evaluated the mass transfer coefficient for the unfouled 
surface, k. As fouling proceeded, he assumed that the mass transfer 
coefficient for the fluid - deposit interface remained equal to k. This 
assumption may be valid for thin layers of fine deposits in his study. 
However, in this study, the particle sizes were large and consequently have a 
significant effect on the mass transfer coefficient. Large particles tend to 
reduce the resistance to transfer at the fluid - solid interface but on the 
other hand an increasing number of layers of particles increases the
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resistance to transfer through the deposit itself.
In order to avoid the difficulties in accurately evaluating the 
fluid - deposit mass transfer coefficient required in equations 5.1, the rate 
of transport of the reacting species from the bulk solution to the cathode 
can be obtained from equation 5.4 instead of equation 5.1:
%
N '  m  ‘  I  5'2
K
where K is the overall mass transfer coefficient
Since Re used in this study was in the range of 150 - 20000, it is
reasonable to assume the mass transfer in the electrolytic mixing cell was by 
forced convection. Hence, the mass transfer without and with the presence of a 
simulated fouling deposit on the cathode were expressed in the form of the 
Gilliland - Sherwood correlation given by equation 4.9
Sh = a Reb Sc* *^9
where a and b for the various experimental conditions in the electrolytic
mixing cell listed in Table 3.7 are given by equations 4.14 and 4.13
respectively
0.1122 , -0.2672dD -4.0086d~ , ,
a = 1.0330 exp{-7.7799 n ±  (e p - e p)} 4.14
~ ,,, n , "0.2924dD ~3.1486dD
b = 0.5644 + 1.0081 (e p - e p) 4.13
, -0.2924dD -3.1 486dDx
Since the term (e H - e in equation 4.13 is similar in
, -0.2672dn -4.0086dn. . ,
form to the term (e F - e in equation 4.14, it is suggested
that these terms are related in broadly similar manner to the variables which
describe the structure of the simulated fouling deposit, namely porosity,
tortuosity and roughness.
In order to determine the analogy betwen the mass and heat transfer, a 
study of mass and heat transfer in the electrolytic mixing cell without and 
with the presence of a simulated fouling deposit on the cathode was carried 
out. Since Re used in this study was again in the range of 150 - 20000, it it 
reasonable to assume the mass and heat transfer in the electrolytic mixing 
cell was by forced convection. Hence, the results for mass and heat transfer
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in the electrolytic mixing cell without and with the presence of a simulated 
fouling deposit on the cathode were expressed in terms of equations 4.9 and 
4.39
Nu = a Reb Pr5 4,39
where the values a and b in equations 4.9 and 4.39 are given in Table 4.6 for 
the various experimental conditions listed in Table 3*7.
In general, it can be seen from the comparison between the mass and heat 
transfer correlations given in Table 4.6 that the exponents on Re are similar 
whereas the constants are different. Provided that the exponents on Re are
similar, the relationship between the constant a in equation 4.9 (mass
transfer correlation) and the constant a in equation 4.39 (heat transfer
correlation) is given by
a in equation' 4.9 [sc
a in equation 4.39 [Pr
This approximation has been derived from the data given in Table 4.6, noting 
the experimental ranges of Pr and Sc to be:
3 < Pr < 8.5 400 <Sc < 2000
Therfore, if the analogy between mass and heat transfer is used to predict 
heat transfer rates, then the constant a in equation 4.9, which is a function 
of equipment geometry, should be corrected by an equation of the form of 
equation of the form of equation 5.5. This conclusion is broadly consistent 
with that of Berger and Ziai^330 .^
It is reasonable to conclude that the results obtained for mass and heat 
transfer without and with the presence of a simulated fouling deposit on the 
cathode are less reliable than those obtained for mass transfer alone. This 
is due to the errors introduced into the calculation of physical properties 
by the use of T^ which is strongly dependent on the accuracy in estimating Tg 
from the temperature profile across the cathode. This conclusion is 
reinforced by the observation that the correlations obtained for the mass 
transfer without the presence of a simulated fouling deposit on the cathode 
are in far better agreement with the correlations found in the literature 
than those obtained for mass and heat transfer (compare Figure 4.26 with 
Figure 4.5). Hence, the correlation for mass transfer is given by equation 4.9
5.5
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where a and b are given by equations 4.14 and 4.13. The corresponding
correlation for heat transfer is given by equation 4.39 where a and b are
given by equations 5.5 and 4.13.
The range of dp found in typical particulate fouling deposits is about 
1 - 50pn/-*'^'47,49 51,100,1 01,1 83)^ This iS weii within the range of dp used for 
the simulated fouling deposit used in this study (0 - 12000pm). Taking dp for 
an average particulate fouling deposit to be 25pm, it may be predicted from 
equations 4.9, 4.13 and 4.14 that
Sh - 1.0330 exp [-0.6901 n^*1122] Re0,6334 Sc5 5,6





Re0’6 34 Sc3 for nr  1
Sh = 0.4900 Re0*633* Sc* for nl= 2
Sh = 0.4732 Re0*6334 Sc3 for nl= 3
Sh = 0.4613 Re0-6334
i
Sc3 for n r  4
Sh = 0.4519 Re0*6334 Sc3 for nl= 5
and from equations 4.39, 5.5, 4.14 and 4.13 that
Nu = 1.0330 [” ]3 exp[-0.6901 nl°,1122J Re0*6334 Pr3 5.12
Figure 5.1 shows the comparison between equations 5.7 ~ 5.11 for a surface 
fouled by 1 to 5 layers of 25pm particles and equation 4.11 for an unfouled 
surface. It is clear that at high Re, the mass transfer coefficient can become 
greater than that for the unfouled surface. This effect is due to the 
additional surface roughness caused by the presence of the particles. 
However, increasing the number of layers inevitably tends to reduce the mass 
transfer coefficient. At relatively low Re, the deposit thickness has a much 
greater influence than the additional surface roughness causing the mass 
transfer coefficient to remain less than that for the unfouled surface.
As the surface of the cathode itself has an average peak to valley height 
of 1.27pm (Section 3.3*2), it is important to establish whether or not the 
original cathode surface roughness has an effect on these conclusions. 
Assuming that the average peak to valley height for a simulated fouling 
deposit is given by £dp, then for dp = 2.5pm it is predicted from equations 






FIGURE 5.1 A PLOT OF Sh/Sc3 VERSUS Re SHOWING THE COMPARISON BETWEEN EQUATIONS 5.7-5.11 
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Sh = 1 .0330 exp £ -0 .0 7 2 4 n i 0 .1 122 ReO-5716 Sc3 5.13
Hence, for n-^
Sh = 0.9608 Re°-5716 Sc5 5.14
Figure 5.2 shows the comparison between equation 5.14 for a surface fouled by 
1 layer of 2.5ym particles and equation 4.11 for an unfouled surface. It is 
apparent from the similarity between the two curves that the surface 
roughness of the cathode (which was polished) has little influence on the 
conclusions.
The negative values of Rp in the fouling curve observed by Bott and 
G u d m u n d s s o n ^ 2 3 9 ) for rippled silica fouling and by Watkinson and 
Epstein^ 100*101) for oil-gas and sand-water fouling were explained by the 
increase in the heat transfer coefficient which was caused by disturbances in 
the laminar sublayer as a result of the deposit surface roughness. Further 
evidence for this phenomenon is provided by the electrochemical analogue, at 
least for high values of Re. Above the critical Re shown in Figure 5.3A, the 
mass transfer coefficient is higher than that for an unfouled surface. The 
fouling curve presented in Figure 5.3B can be explained by the sequence of 







FIGURE 5.2 A PLOT OF Sh/Sc3 VERSUS Re SHOWING THE COMPARISON BETWEEN EQUATION 5.14 FOR
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FIGURE 5.3 EXPLANATION OF APPARENT NEGATIVE FOULING RESISTANCES
Re
A. A TYPICAL PLOT OF Sh/ScJ or Nu/Pr6 VERSUS Re AS FOULING PROCEEDS 
WITH TIME
0
B. A TYPICAL FOULING CURVE SHOWING APPARENT NEGATIVE VALUES OF Rp
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6. CONCLUSIONS
1. The mass transfer in the electrolytic cell without and with the 
presence of a simulated fouling deposit on the cathode is well described 
by the Gilliland - Sherwood correlation given by equation *1.9
Sh = a Reb Sc5 4,9
where a and b for the various experimental conditions listed in Table 3.7 
are given by equations 4.1*1 and 4.13.
0.1122 , -0.2672dn -4.0086dnN1 , ,
a = 1.0330 exp{-7.7799 n± (e p - e p)} 4.14
n , “0.2924dn ~3.1486dD.
b = 0.5644 + 1.0081 (e p - e p) 4.13
2. The heat transfer in the electrolytic mixing cell without and with the
presence of a simulated fouling deposit on the cathode is given by
equation 4.39
Nu = a Reb Pr3 11,39
where a and b are given by equations 6.1 (obtained from equations 5.5 and 
4.14) and 4.1 3
fPrV , 0.1122 , -0.2672dn -4.0086dnN,
a * 1.0330 I exp{“7.7799 nx (e p - e p)} 6.1
-0.2924dn “3.1486dn
b = 0.5644 + 1.0081 (e p - e p) 4.13
3. Assuming the analogy between the heat transfer and electrochemical 
mass transfer, the apparently negative values of Rp observed by Bott and 
Gudmundsson^2^9  ^ for rippled silica fouling and Watkinson and 
Epstein^1 0 1  ^  for oil-gas and sand-water fouling can be explained by 
the effect of deposit surface roughness on heat transfer provided that the 
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APPENDICES




DENSITY OF ELECTROLYTIC 
SOLUTION
(°C ) (g/cm 3 ) (g/cm 3 )
1 0 .5 .8 2 18.0 1.0258 9.986248 1.02439
21.8 1.0245 9.973455 1.02178
27.2 1.0242 9.964886 1.02060
38.6 1.0195 9.927760 1.01214
50.0 1.0155 9.880698 1.00338
60.0 1.0115 9.832330 0.99454
70.0 1.0050 9.778036 0.98269 .
1 1 .5 .8 2 27.9 1.0238 9.962926 1.02000
33.0 1.0220 9.947345 1.01662
38.9 1.0197 9.926642 1.01222
44 .0 1.0170 9.906610 1.00750
1 2 .5 .8 2 26.5 1.0238 9.966801 1.02040
32.5 1.0218 9.948971 1.01659
37.4 1.0198 9.932165 1.01288
43.2 1.0177 9.909877 1.00853
4 8 .0 1.0158 9.889606 1.00459
/
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APPENDIX A2 ELECTROLYTIC SOLUTION KINEMATIC VISCOSITY DATA
DATE TEMPERATURE
(°C)














The kinematic viscosity was computed from 
v = 0.0006398 0£
where v = kinematic viscosity in mm/s 
0£ = time of efflux in s.
The value of 0.0006398 was obtained from the calibration of the viscometer 
using fresh distilled water at 20°C .
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APPENDIX A3 THE BASIS OF THE IONIC DENSIFICATION COEFFICIENTS EVALUATED BY 
SELMAN AND NEWMAN(356) FOR THE K3Fe(CN)6 - K4Fe(CN)6 - KOH/NaOH 
SYSTEM.
Using 23 density data points in the range 0.01 < o < 2.0M equimolar
K^FeCCN)^ and K^FeCCN)^ and 0 £ cK0H " 2#0M measured at 25°C by Gordon et 
al^3^), Selman and Newman^3* ^  computed the following equation:
p = 0.99946 ♦ 0.19648 oredox ♦ 0.045266 <?K0H A3J
where p = density in g/crrr
with a standard error of 0.0011. They differentiated equation A3.1 with
respect to ( ^ F e C C N ^  * cKijFe( CN)5  ^and °KOH to yield
- - 0.19648 A3.2
3 c , redox
12. - 0.045266 A3.3
9c?K0H
Using equation 3.6, they evaluated the following densification coefficients
0.19648 . <A,rn „
“redox “ 0.99946 = A3.4
0.045266 rtlir™
“KOH * 0.99946 " ’ °-01,529 A3.5
Using 32 density data points in the range 0.01 £ cK3Fe(CN)5 * 0.2M,
0.05 £ cK2|Fe(CN)6 “ and 1,0 " ^NaOH “ 2*0M measured at 25°C by
Boeffard^3^1^ , Selman and Newman^3* ^  computed the following equation:
p - 0.996821 + 0.1768 ck3f6(c n)6 * 0-023182 A3'6
♦ 0.04437-1 aNa0H
“3
where p = density in g/cnr 
with a standard error of 0.0004. They differentiated equation A3.6 with
respect to <?K3pe(CN)6 and <?KijFe(cN)6 to Yield
- 0.17618 A3.7
dGK3 F e (C N )6
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f 2- -  0.23182 A3.8
K Fe(CN).
H D
From equations A3.6, A3.7 and A3.8, they computed the following ratio
°K Fe(CN)
  = 0.714011 A3.9
\ F e ( C N ) 6
aK3Fe(CN) + °K Fe(CN)
Noting are(jox =  ” * they solved equations A3.4 and
A3.9 to obtain the following densification coefficients
aK3Fe(CN)6 = °-l6727 A3.10
aKi|Fe(CN)6 = °*22591 A3.11
Based on density data in the range 0.01 S c < 0.20M equimolar K^Fe(CN)g and
K^Fe(CN)^ and 0 £ cNaOH " 2.0M measured at 25°C by Gordon et a l ^ ^ \  Selman 
and Newman^"^ computed the following equation:
p = 1.0001 16 + 0.19356 credox + 0.038535 <JNa0H A3.12
where p = density in g/cm 
with a standard error of 0.0013* They differentiated equation A3.12 with 
respect to<?Na0H to yield
I 2- = 0.038535 A3.13
NaOH
Using equation 3.6, they evaluated the densification coeffiecient for NaOH
0.038535 r> noQcC fto 1)1
aNa0H " 0 .99946 °-°3856 A3.14
By setting a . to zero, Selman and Newman^*^ obtained a,. , „ from
K [Fe(CN)6]3
equation A3.10, aj-Fe(CN) -]H- from equation A3.11, a0H- from equation A3.5 and
a . from equations A3.5 and A3.1 4. These ionic densif ication coefficients are
Na
given in Table 3*2.
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APPENDIX AH THE VARIOUS METHODS THAT HAVE BEEN USED TO ESTIMATE ACj FOR THE 
K3Fe(CN)6 - KijFe(CN)6 - KOH/NaOH SYSTEM
The various methods that have been used to estimate A<?j for the K^FeCCN)^ 
- Ki|Fe(CN)g - KOH/NaOH system include
1. APPROXIMATE METHODS
(a) The WET method
The method developed by Wilke, Eisenburg and Tobias^^1 ^ for the 
estimation of A c* in binary electrolytes was generalised by Ibl and
x)
Braun^^”^ . The method is based on the assumption that the flux of species j,
sj*  can be represented as the sum of an amount due to convection and
F iljdiffusion, N  ^and an amount to migration, --
J F z j
NJ '  kJ } [S3 -
where = number of molecules or ions of species j which react at the 
electrode per one Faraday flowing through the electrochemical 
cell (negative when the species is consumed and positive when the 
species is produced) 
tj = transference number of species j, defined by
t . I z j l  xj cj , 2, 
J ' I N  «j
j
As it can be assumed that the mass transfer correlation for electrochemical 
systems with free convection is of the f o r m ^ 1 )
i
Sh = a( GrmSc) * AH.2
it can be deduced from equations AH.] and AH.2 that ACj is given by
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Similarly, for the limiting reactant, R
A«?ft =
j_ r tRi r dr3 i











(b) The Wagner method
. (360)The method developed by Wagnervo J for the estimation of Acj in binary 
electrolytes was generalised by Ibl and Braun^3^ \  For an electrolytic 
solution at rest, the flux of species j at y = 0 is given by
s ^ i r 3c-j 3$"1 j
N. = = I- D- — - - z.u.Fc. —
J F L J 3y J J J 3j J y-o
AM .5
since from equation 3*3
u 4 = —  
J RT
AM.6
equation AM.5 can be rewritten as
f L 1 .  r .  D . .  z j d j f c j  ^ 1
F |_ 3 9y RT 9yJ J y=g
z i
AM .7
Upon multiplying equation AM.7 throughout by —  for each species of the
Dj
electrolytic solution and adding all these equations, the sum of the terms 
3cj
involving --  vanishes due to the electroneutrality condition
3y
z z j ° j =
= 0 AM .8





A D 4 
iRT 3




Substituting equation AM.9 into equation AM.7 yields
9£j
9y
a . 1 d j
dj ZjCj i cjzj2
AM.10
y = 0
The concentration profile across the diffusion layer was assumed to be of the 
form
Coj b '  ^  ‘  (cj b * V
where 6j = thickness of the diffusion layer.
[■ ■; J
Differentiating equation AM.11 with respect to y yields
9y
= —  (c- - C. ) = — A a*
y = 0  ^ ® *^j




= —  A c ,
Substituting equation AM.13 into equation AM.10 to yield




~  • zj°jDj
D J' fJ“J y = 0








since c R =0 at y = 0. Dividing equation AM.1 M by equation AM.1 5 yields
i :
I.ftD." Dn‘
J \J J RA c 
AcR
a fj T^r] 





The governing equations of free convection mass transfer in electrolytic
solutions at the vicinity of the vertical flat plate electrode surface 
a r e ( 3 5  5 , 3 5 6 )
(i) the equation of continuity
9vx 3vy
—  + — J = o A4.17
3x 3y
(ii) the equation of motion
3vx 3 Vy 32vx
vY T~ + vv ~  = v ——  + g £ a-sAc.: A4.1 8
x 3x Y 3y 3y J J J
(iii) the mass balance for species j
j  3 2 3 r  3*1v,v — J + v — J = D,  J + z.uJ —  o 4—  AH.19
x 3x y 3y J 3y J J 3y|^  J3yj
(iv) the electroneutrality equation
I Zj cj = 0  A4.8
j
where x is the distance from the edge along the electrode surface 
y is the normal distance from the electrode surface.
Denoting the limiting reactant with subscript R, the boundary conditions are
At y = 0 ; vv = v, = 0 A4.20
a y
CR = CRS A4.21
da3 ^ 3$ SJ 9cr 3<J>”|D. ~  + z iuiFc . -- = —  Dr — R + ZdUrFcr —  A4.22
J 3y J J J 9y sR L R 3y R R R 3yJ
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At y = 00 ; vx = 0 A4.23
c . = c  A4.24
J Jb
(a) The Selman and Newman method
(OCC OCc\
In their analysis, Selman and NewmanVJ u/ made the following 
assumptions:
1. At high Sc, the inertial terms in equation A4.18 are negligible within the 
diffusion layer. Hence equation A4.18 becomes
32vx
v --  + 8 I = 0 A4.25
3y . J J
2. Uj is defined by equation A4.6 
Using the similarity transformation
pgCXRACRl
C = y -----  A4.26
L ^ v Drx J
14 T 3gaRACR~|
r -  i  dr x L " ^ t J  f ( t )  M - 2 7
where r is the stream function defined so that the equation of continuity 
is satisfied identically
3r 3r , „
v = r- ; V v  - - —  A4.28
x 3y y 3x
and the dimensionless variables
F4>
T(c) - -  AH.29
C,(c) = -i- A4.30
J Acv
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Selman and Newman^55f356) expressed the governing equations given by 
equations A4.8, A4.1 7, A4.19 and AM.25 as
f'" + I —  (Ci - C ] ) = 0 AM.31
j “R b
[Ci" * - fffj' - o M .32
I z j Cj -  0 All.33
j
and the boundary conditions given by equations AH.20 - AH.24 as
At £ = 0 ; f = f’ = 0 AH.3H
CR - CR AH.35
s
c3 + z J CJ Tf = [^R* + 2 R * T '] M *36
At c = ® ; f* = 0 AH.37
C i = C i AH.38
j
where the primes denote differentiation with respect to £.
By solving the set of coupled, non-linear differential equations given by 
equations AH.31 - AH.33 with the boundary conditions given by equations 
A4.3^  _ AH.38, the concentration profiles for each ionic species can be 
obtained. The solution procedure used by Selman and Newrnan^3-^ '3-^  ^ is 
outlined as follows:
By linearising about a trial solution, the set of coupled, non-linear 
differential equations are reduced to a set of coupled, linear differential 
equations. This set of equations when represented in finite difference form 
will give coupled, tridiagonal matrices which can be solved numerically. This
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solution is then used as the trial solution to obtain a second approximation
and the calculation procedure is repeated until the desired accuracy is
achieved.
In the evaluation of the concentration profiles for each ionic species in 
the K^FeCCN)^ - K^Fe(CN)^ - KOH/NaOH system, Selman and Newman^5^»35 6) use(j
1. 150 mesh points with a mesh width of the £ scale of 0.08
2. ionic diffusivity data at infinite dilution given in Table 3.2
3. ionic densification coefficient data given in Table 3*2
Defining the concentration ratio for the cathodic reaction, rc and the
concentration ratio for the anodic reaction, ra as
GFe(CN)53'
r = 1 - r = --------------------- —  AH.39
eFe(CN)53 + eFe(CN)g
and the concentration ratio for the supporting electrolyte, r as
C0H~ , ,
r = ---------  A4.40
aK+ + ^ N a  +
Selman and Newman^55,356) presented their results in the form of a plot of
Acj
 against r as a function of r. and r„. The plot reproduced in Figure A4.1
Acr c a
is the case for r. = r_ = 0.5.
C a
(b) The Hiraoka method
In their analysis, Hiraoka et a l ^ ^ ^  assumed Uj is given by equation A4.6. 
Using the similarity transformation
r  s ° ^ g Ri
1_v DR X Jn = y I — —  A4.41
rgoA^l 
















0 0.2 0.4 0.6 0.8 LO
Ac.
FIGURE A4.1 PLOT OF — 3- VERSUS r FOR K.Fe(CN) - K Fe(CN) - ----------- Ac^ 3 6 i +  6
^ (355,356)
NaOH/KOH SYSTEM WHERE r = r = 0.5c a
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where A is the stream function defined so that the equation of continuity 
is satisfied identically:
x 3y ’ y 9x 
and the dimensionless variables
3A 3A
vv = —  ; v, = - ~  AH.H3
T(n) = —  AH.HH
RT
a .
C.(n) = — AH.H5 
J 4 ^
Hiraoka et a l ^  ' expressed the governing equations given by equations All.8, 
Ail.17 - AM.19 as
f’" * «fe]ff" ' + t 1 ( 0 j '  V  = 0 M M
h d . r  n
— - C," + z ^ ^ t Y  + t C , '  = 0 Ail.il 7
3dr L j j j j j
Ai|.i|8£ zj cj - 0 
j
and the boundary conditions give by equations AH.20 - AH.2H as
At n = 0 ; f = f* = 0 AH.H9
CR = CRs AH.50
» » ®j r » »"j
CJ t Z jCJT ^ [ C» , Z «C8T J M ’51
At n = 00 ; f? = 0 AH.52
C, - Cjb AH.53








0 0.2 0.4 0.6 0.8
(3 5 5,3 56 )Selman and Newman
„ .  , ,063)Hiroaka et al
Ac.
FIGURE A4.2 PLOT OF VERSUS r FOR K3Fe(CN)6 - K^FeCCN^ -
R
KOH SYSTEM WHERE r = r =0.5.c a
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By solving the set of coupled, non-linear differential equations given by 
equations A4.46 - A4.H8 with the boundary conditions given by equations 
A4.49 - A1!.53 the concentration profiles of each ionic species can be 
obtained.
Hiraoka et al^69) use(j the solution procedure similar to that used by
(Ut OC c)
Selman and N e w m a n ^ - ' D/ to evaluate the concentration profiles for each 
ionic species in the K-^Fe(CN)^ - KjjFe(CN)g - KOH system. In these 
calculations, Hiraoka et al^^^
1. used their own experimental diffusivity data (see Table A4.1)
2. used their own ionic densif ication coefficient data (see Table A4.2)
3. calculated the term £ ajACj in equation A4.46 from the following equation:
j
I ajACj = aK3Fe(CN)6ACk3Fe(CN)6 + aKi|Fe(CN)6ACK4Fe(CN)6 A4*54 
+ aKOHACkoH
assuming that the addition rule holds for aj:
“K3Fe(CN)6 ’ 3V  + °Fe(CN)63- A"-55
°lK1|Fe(CN)g " lt°K+ + “FetCNJg1*' M '56
a + a A4.57
KOH = aK+ OH
4. obtained a by iteration since a cannot be evaluated directly from the 
physical properties of the electrolytic solution due to the dependency of
a on all ionic concentration profiles in the boundary layer (see equation
3-19)
In the same manner as that of Selman and Newman^"*5 , 3 5 6 ^^ra0[<a ej. ai^369)
Acj
presented the results in the form of a plot of --  against r as a function of
A<?r
rc and r . The plot reproduced in Figure A4.2 is for the case rc = ra = 0.5.
It can be seen from Figure A4.2 that the results obtained by Hiraoka et
a2_(369) are almost coincident with those of Selman and Newman^55,356)^
250
TABLE A4.1 DIFFUSIVITY RATIO DATA




















TABLE A4.2 DENSIFICATION COEFFICIENT DATA
(359) ( 355,356)
DENSIFICATION COEFFICIENT Hiraoka et aV J Selman and Newman 9 '
(cm'Vmole)




Hiraoka et al^69) attributed this very slight difference in the two results 
to the difference in the physical properties of the electrolytic solution 
(see Tables AM.1 and AM.2). Since it can be seen from the Figure AM.1 that the 
results for the K^Fe(CN)5 - KjjFe(CN)£ - KOH system are similar to those for 
the K^FeCClOg - K^FeCCN)^ - NaOH system, it is reasonable to assume that the 
results obtained by Hiraoka et al^69) in Figure AM.2 for K3Fe(CN) 5 - 
Kj|Fe(CN)6 - KOH system could be used for the K3Fe(CN)5 - Kj|Fe(CN)5 - NaOH 
system.
253
APPENDIX A5 TITRIMETRIC ANALYSIS FOR THE ELECTROLYTIC SOLUTION
1. The determination of the ferricyanide ion concentration by titration with 
standard 0.1 N sodium thlosulphate solution^08^
Reaction
The ferricyanide ion reacts with potassium iodide in an acidified medium, 
liberating iodine which can be titrated with sodium thiosulphate solution:
2[Fe(CN)6]3- + 2I~ * 2[FeCCNJg]1*- + I2 
2S20,2~ + I2 SjjOg2' ♦ 21”
The reaction between the ferricyanide ion and potassium iodide is slow but 
becomes rapid in the presence of zinc sulphate.
Procedure
1. Pipette 25cm^ of the electrolytic solution under test into a glass 
stoppered flask.
2. Add 2g of potassium iodide and 2cm^ of 4N hydrochloric acid and stopper 
the flask.
3. Mix well and allow the flask to stand for one minute.
4. Add 10cm^ of 30$ zinc sulphate solution.
5. Titrate the solution containing the gelatinous precipitate with standard
0.1 N sodium thiosulphate solution has a pale yellow colour.
6. Add 5cm^ of starch solution and continue the titration slowly until the 
solution is colourless.
7. Compute the concentration of [Fe(CN)g^ from
Normality of S O * -Volume of S O
Normality of [Fe(CN) ] =  =-----------
Volume of [Fe(CN)c ] o
2. The determination of the ferrocyanide ion by titration with standard 0.1 N 
ammonium cerium (IV) sulphate solution^l|Q8^
Reaction
The ferricyanide ion reacts with ammonium cerium (IV) sulphate according
to
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2[ Fe(CN)63^ ~ + 2(NHj4)2S04.Ce(S0i4)2.2H20 -►
2[Fe(CN)6]3” + S0n2~ + Ce2(S04)3 + 2(NHn)2S04 + H20
Procedure
1. Pipette 25cm3 of the electrolytic solution under test into a conical 
flask.
2. Add 20cm3 of 1:5 sulphuric acid and one drop of ferroin indicator.
3. Titrate the solution with standard 0.1 N ammonium cerium (IV) sulphate 
solution until the colour changes sharply from orange to yellow
4. Compute the concentration of [Fe(CN)6]^~from
Normality of 2(NH^) SC^.CetSC^) 2 ^ 0  * volume of 2(NHU > SC^ .Ce( SO^) .21^0
Normality of [Fe(CN) ]** =      r;------------
volume of [Fe(CN)c ] 
o
3. The determination of the hydroxyl ion concentration by titration with 
standard 1N hydrochloric acid^08^
Reaction
The hydroxyl ion reacts with the hydrochloric acid according to
0H~ + HC1 -► Cl” ♦ H20
Procedure
1. Pipette 25cm3 of the electrolytic solution under test into a conical 
flask.
2. Add a few drops of phenolphthalien.
3. Titrate the solution with standard 1N hydrochloric acid until the colour 
changes sharply from red to colourless.
4. Compute the concentration of 0H~ from
Normality of HC1 * Volume of HC1




APPENDIX A.6 EXPERIMENTAL DATA
APPENDIX A6.1 CURRENT-POTENTIAL DATA AS A FUNCTION OF THE IMPELLER ROTATIONAL SPEED FOR THE ELECTROLYTIC
MIXING CELL WITHOUT THE PRESENCE OF GLASS SPHERICAL PARTICLES ON THE CATHODE.
DATE 15-1-81
BATCH Batch 1 of O.O05M Potassium Terricyanide/O.005M 
Potassium Ferrocvanide/O.5M Sodium Hydroxide 
solution prepared on 15-1-81
Run No 1.01
Stirrer Speed = 27.1 rpm

































BATCH Batch 1 of 0.005M Potassium Ferricvanide/O.0O5M 
Potassium Ferrocvanide/O.5M Sodium Hvdroxide 
solution prepared on 15-1-81
Run No I.02
Stirrer Speed = 103.5 rpm 


































BATCH Batch 2 of O.005M Potassium Terricyanide/O.005M 
Potassium Ferrocvanide/O.5M Sodium Hydroxide 
solution prepared on 15-1-81
Run No 1.03
Stirrer Speed = 348.8 rpm 



























BATCH Batch 4 of Q.005M Potassium Ferr l cyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hvdroxide 
solution prepared on 15-1-81
Run No 2.01
Stirrer Speed = 208.3 rpm 
Solution Temperature =» 21.0 C



























BATCH Batch 1 o-f 0.005M Potassium Ferr i cyani de/O. 005M 
Potassium Ferrocvanide/O.5M Sodium Hydroxide 
solution prepared on 24-9-81
Run No 3.01
Stirrer Speed = 33.5 rpm




























BATCH Batch 1 o-f 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocvan i de/O. 5li Sodium Hydroxide 
solution prepared on 24-9-81
Run No 3.02
Stirrer Speed = 135.9 rpm 
Solution Temperature = 20.0 C


























PATCH Batch 1 o-f 0.OO5M Potassium Ferri cyani de/O. 005M 
Potassium Ferrocvanide/O-5M Sodium Hydroxide 
solution prepared on 24-9-81
Run No 3.0 3-
Stirrer Speed - 245.6 rpm 
Solution Temperature - 19. 0 C
Patent i a I 
(V)






























APPENDIX A6.2 REPRODUCIBILITY DATA FOR THE CURRENT-POTENTIAL CURVE DETERMINED AT AN IMPELLER ROTATIONAL SPEED
OF 3*4.8 ± 2.8 rpm IN THE ELECTROLYTIC MIXING CELL WITHOUT THE PRESENCE OF GLASS SPHERICAL
PARTICLES ON THE CATHODE.
DATE 13-1-81
BATCH Batch 1 of 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocvanide/O.5M Sodium Hydroxide 
solution prepared on 9-12-80
Run No 1.01
Stirrer Speed ~ 35.3 rpm
Solution Temperature = 21.0 C
DATE 13-1-81
BATCH Batch 1 o-f 0.005M Potassium Ferr i cyani de/O. 005M 
Potassium Ferrocyanide/O. 5M Sodium Hydroxide 
solution prepared on 9-12-80
Run No 1.02
Stirrer Speed = 35.3 rpm















































BATCH Hatch 1 a4 0.005M Potassium Ferr i cyan i de/O. 005M 
Potassium Kerrocyanide/O.5M Sodium Hydroxide 
solution prepared on 9-12-80
Run No 1 . 0 .*
Stirrer Speed = 37.3 rpm
Solution Temperature * 21.0 C





















BATCH Batch 2 o4 0.005M Potassium Ferricv«nide/O. 005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 9-12-80
Run No 2.01
Stirrer Speed = 31.7 rpm
























BATCH Batch 2 o-f O.OC5M Potassium Ferr i cyan i de/O. 0«.>5M 
Potassium Ferrocvanlde/O.5M Sodium Hydroxide 
solution Drt'pared on 9-12-8'.*
Run No 3.01
Stirrer Speed = 34.9 rpm
Solution Temperature = 20.5 C
















BATCH Batch 1 o-f 0.005M Potassium Ferr i cyani de/O. 005M 
Potassium Ferrocyani de/O. 5M Sodium Hvdromde 
solution prepared on 16-3-81
Run No 4.01
Stirrer Speed - 34.5 rpm

























BATCH Batch 1 o-f 0.005M Potassium Ferr i cyani de/O. 005M 
Potassium Ferrocvanide/O.5M Sodium Hydroxide 
solution prepared on 22-4-81
Run No 5.01
Stirrer Speed = 33.7 rpm

























APPENDIX A6.3 MASS TRANSFER DATA FOR THE ELECTROLYTIC MIXING CELL WITHOUT THE PRESENCE OF GLASS SPHERICAL
PARTICLES ON THE CATHODE.
TABLE A6.3.1 IT-N DATA DERIVED FROM FIGURE 4.1 Li
Run Potential Stirrer Limiting Solution Ferricyanlde Density Viscosity Diffuslvity Sh Re Sc
No Speed Current Temp. Concentration
(volts) (rpm) (mA) (C) (mol/cm3) (g/cm3) (g/cm s) (cm2/s)
1.01 0.8340 27.1 10.8 19.0 0.500E-05 1.0241 0.01136 0.643E-05 583.5 1058.9 1725.8
1.02 0.9040 103.5 26.3 19.0 0.500E-05 1.0241 0.01136 0.643E-05 1420.8 4044.2 1725.8
1.03 0.8620 348.8 56.3 21.0 0.500E-05 1.0231 0.01087 0.677E-05 2889.4 14235.6 1569.6
2.01 0.9030 208.3 40.7 21.0 0.500E-05 1.0231 0.01087 0.677E-05 2088.8 8501.4 1569.6
3.01 0.9108 33.5 15.0 19.0 0.500E-05 1.0241 0.01136 0.643E-05 810.4 1309.0 1725.8
3.02 0.9370 135.9 35.0 20.0 0.500E-05 1.0236 0.01111 0.660E-05 1842.8 5427.4 1645.6
3.03 1.2739 245.6 51.0 19.0 0.500E-05 1.0241 0.01136 0.643E-05 2755.2 9596.6 1725.8
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TABLE A6.3.2 IT-N DATA DERIVED FROM FIGURE 4.2
' i-J
Run Potential Stirrer Limiting Solution Ferrlcyanide Density Viscosity Dlffuslvlty Sh Re Sc
No Speed Current Temp. Concentration
(volts) (rpm) (mA) (C) (mol/cm3) (g/cm3) (g/cm s) (cm2/s)
1.01 0.8172 35.3 13.3 21.0 0.500E-05 1.0231 0.01087 0.677E-05 682.6 1*4*40.7 1569.6
1.02 0.8301 35.3 13.6 21.0 0.500E-05 1.0231 0.01087 0.677E-05 698.0 1*1*40.7 1569.6
1.03 0.8023 37.3 12.8 21.0 0.500E-05 1.0231 0.01087 0.677E-05 656.9 1522.3 1569.6
2.01 0.9581 31.7 12.8 21.0 0.507E-05 1.0231 0.01087 0.677E-05 6*47.9 1293.8 1569.6
3.01 0.8690 3*4.9 13.8 20.5 0.507E-05 1.023** 0.01099 0.668E-05 707.*4 1*409.0 1607.1
*4.01 0.88*4*4 3*«.5 1*4.0 19.0 0.500E-05 1.02*41 0.01136 0.6*»3E-05 756.3 13*48.1 1725.8
5.01 0.8161 33.7 12.9 16.0 0.*»77E-05 1.025*4 0.01216 0.595E-05 789.8 1232.1 199*4.1
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TABLE A6.3.3 I ^ - N  DATA OBTAINED FROM SEVERAL RUNS
DATE 23-1-81
BATCH Batch 4 of 0.005M Potassium Ferricyanide/O.005M 
Fotassium Ferrocyanide/O.SM Sodium Hydroxide 
solution prepared on 15-1—81
Fotential = 1.0000 V 
Solution Temperature = 21.0 C
Ferricyanide concentration = 0.500E—05 mol/cm3 
Density = 1.0231 g/cm3 
Viscosity = 0.010867 g/cm s 









Sh Re Gr Sc
1.01 0.0 0.3 41. 1 0. 0 0.20224E+07 1569.6
1. 02 9. 9 7.0 359.2 404. 1 1569.6
1.03 18.0 9.5 487.5 734. 6 1569.6
1.04 22. 6 11.0 564. 5 922. 4 1569.6
1 .05 43. 9 16. 6 851 . 9 1791.7 1569.6
1. 06 64. 1 20.0 1026.3 2616. 1 1569.6
1.07 68. 8 21.7 1113.6 2807.9 1569.6
i. oe 84. 0 24.8 1272.7 3428.3 1569.6
1.08 108. 3 28.8 1477.9 4420.1 1569.6
1. 10 128. 0 30. 7 1575.4 5224.1 1569.6
i.u 151. 1 35.4 1816.6 6166.9 1569.6
1.12 182. 0 37.8 1939.8 7428.0 1569.6
1. 13 172.9 38. 7 1936.0 7056.6 1569.6
1.14 213.0 41.3 2119.4 8693.2 1569.6
1 • 15 212.8 44. G 2257.9 8685.0 1569.6
1. 16 240. 0 44.8 2299.0 9795.2 1569.6
i. 17 270. 3 49. 3 2529.9 11031.8 1569.6
1.18 256. 4 49. 8 2555.6 10464.5 1569.6
1. 19 300. 8 52.8 2709.5 12276.6 1569.6
1.20 285.7 53. 3 2745.5 11660.3 1569.6
1. 21 314.1 56.9 2919.9 12819.4 1569.6
1.22 338.0 57.5 2950.7 13794.8 1569.6
DATE 28-1-81
BATCH Batch 7. of 0.005M Potassium Ferricyanide/0.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
'•solution prepared on 9-12-80
Potential «* 0.9574 V
Sol ut i or i Temperature — 21.0 C
Ferricyanide concentration = 0.507E-05 mol /cm';
Density » 1.0231 q/cm3 
Viscosity = 0.010867 q/cm s 






Li mi t i nq 
Current 
(mA)
Sh Re Gr Sc
2.01 0 . 0 0.9 45.5 0. O 0.20224E+07 1569. t?
2. 02 20.2 10.4 526.3 824. 4 1569.6
2.03 45.3 16. 4 830. O 1048.8 1569.6
2.04 69. 7 21.5 1088.1 2844.7 1569. r-
2. 05 90. 7 25. 3 1280.4 3701.8 1569.6
2.06 113. 0 28. 7 1452.5 4611.9 15t>y. t
2. 07 146. 1 33. 3 1635. ; 5962.8 1569.6
2.08 174.2 36. 7 1857.3 7109.6 1569. <.->
2.09 209.7 40.3 2039.5 8558.5 1569.-:
2. 10 238. 1 43.0 2176.2 9717.6 1569.6
2. 11 266. 1 46.0 2328.0 10860.4 1569.6
2. 12 298. 3 48.5 2454.5 12182.7 1569. ,6
2. 13 347.5 51.7 2616.3 14182.6 1569.6
DATE 23-1-81
BAICH Batch 2 o-f 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 15-1-81
Potential = 0.9640 V 
Solution Temperature = 21.0 C
Ferricyanide concentration - 0.507E-05 mol/cm3 
Density = 1.0231 q/cm3 
Viscosity = 0.010867 q/cm s 










3.01 0.0 0.3 40. 5
3. 02 4.8. 5.0 253.0
3.03 20. 9 10.5 531. 4
3.04 52 ■ 6 17.9 905. 9
3.05 87. 9 24.9 1260.2
3. 06 1 18.8 29.5 1492.9
3.07 162. 2 35.0 1771.3
3.08 236. 2 42. 7 2161.0
3.09 258. 0 45. 0 2277.4
3. 10 298.5 48. 2 2439.3














BATCH Batch 3 o-f 0. 005M Potassium Ferricyani de/O. 005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 9-12-80
Potential = 0.9511 V 
Solution Temperature = 21.0 C
Ferricyanide concentration = 0.500E-05 mol/cm3 
Density = 1.0231 g/cm3 
Viscosity * 0.010867 g/cm s 










4.01 5.4 5.3 272.0 220.4 1569.6
4.02 39.2 14.6 749. 2 1599.9 1569.6
4.03 64. 2 19. 9 1021.2 2620.2 1569.6
4.04 96.3 26.0 1334.2 3930.3 1569.6
4.05 130.2 32.5 1667.8 5313.9 1569.6
4. 06 192.2 39.2 2011.6 7844.3 1569.6
4.07 238.0 44. 3 2273.3 9713.5 1569.6
4.08 297.0 49. 0 2514.5 12121.5 1569.6
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DATE 8-4-81
BATCH Batch 2 of 0.005M Potassium Ferri cyani de/O. OOSli 
Potassium Ferrocvani de/O. 5M Sodium Hydroxide 
solution prepared on 16-3-81
Potential = 1.0033 V 
Solution Temperature = 10.0 C
Ferricyanide concentration = 0.500E-05 mol/cm3 
Density = 1.0245 q/cm3 
Viscosity - 0.01161*? cj/cm s 
Diffusivity = 0.6264E-05 cm2/s
Run
No
St i rrer 
Speed 
(r pm)




5.01 38. 9 12.0 665. 2 1486.9 1810.4
5.02 60. 9 15.2 842. 6 2327.8 1810.4
5.03 86. 3 18.0 997. 8 3298.7 1810.4
5. 04 110.8 21. 7 1202.9 4235.2 1810.4
5. 05 129. 4 23. 7 1313.8 4946.2 1810.4
5. 06 147.1 25. 4 1408.0 5622.7 1810.4
5. 07 175. 9 27. 9 1546.6 6723.6 1810.4
5. 08 202. 0 29. 8 1651.9 7721.2 1810.4
5. 09 231.4 32.0 1773.9 8845.0 1810.4
I 5. 10 293. 2 35. 4 1962.4 11207.3 1810.4
5.11 338. 9 37.8 2095.4 12954.1 1810.4
DATE 9-4-81
BATCH Batch 2 o-f 0.005M Potassium Fer r i cyan i de/O. 005M 
Potassium Ferrocyanide/O. 5M Sodium Hydroxide 
solution prepared on 16-3-81
Potential = 1.0045 V 
Solution Temperature = 19.0 C
Ferricyanide concentration = 0.500E-05 mol/cm3 
Density =* 1.0241 g/cm3 
Viscosity = 0.011361 g/cm s 











6.01 20. 4 8.5 459.2 797. 1 1725.8
6.02 31. 2 11.9 642. B 1219.1 1725.8
6.03 50. 9 14.3 772.5 1988.9 1725.8
6. 04 85. 7 19. 3 1042.6 3348.6 1725.8
6.05 138. 2 24. 9 1345.1 5400.0 1725.8 1
6.06 185. 1 28.5 1539.5 7232.6 1725.8 1
6.07 • 3 31. 7 1712.4 9233.2 1725.8
6.08 324. 3 36. 3 1960.9 12671.7 1725.8
DATE 28-4-81
BATCH Batch 1 of 0.0051*1 Potassium Ferricyanide/O.0G5M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 22-4-81
Potential = 0.8580 V 
Solution Temperature = 18.0 C
Ferricyanide concentration - 0.4776-05 mol/cm3 
Density = 1.0245 q/cmS 
Viscosity = 0.011619 q/crn s 
DiT-fusivity = 0.6264E-C5 cm2/s
Run
No
St i rrer 
Speed 
(rpm)
Li mit i nq 
Current 
(mA)
Sh Re Gr Sc
7.01 0.0 0. 6 34. 9 0.0 0.177396+07 1810.4
7. 02 45. 5 13. 3 772. 8 1739.2 1810.4
7. 03 75.5 17.6 1022.7 2885.9 1810.4
7.04 110. 1 22. 9 1330.7 4208.5 1810.4
7. 05 140. 8 24. 9 1446.9 5381.9 1810.4
7. 06 181 .0 27. 7 1609.6 6918.5 1810.4
7.07 215.0 30. 2 1/54.8 8218.2 1810.4
7. 08 262.0 33. 2 1929.2 10014.7 1810.4
7.09 324.3 36. 2 2103.5 12396.0 1810.4
7. 10 344.8 37. 4 2173.2 13179.6 1810.4
DATE 29-4-81
BATCH Batch 1 oF 0.005M Potassium Ferricyanide/0.005M 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 22-4—81
Potential = 0.8373 V 
Solution Temperature = 18.0 C
Ferricyanide concentration ** 0.477E-O5 rnol/cm3 
Density = 1.0245 g/cm3 
Viscosity = 0.011619 q/cm s 
Di-f-f usi vi ty = 0.6264E-05 cm2/s
Run
No
St i rrer 
Speed 
(rpm)




8.01 95.5 18.7 1086.6 3650.4 1810.4
8.02 195.5 25. 7 1493.4 7472.8 1810.4
8. 03 343. 8 32. 4 1882.7 13141.4 1810.4
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DA IE 29-4-81
PATCH Batch 2 of o.oOSM Potassium Ferri cyani de/O. 005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution orepared on 22-4-81
Potential = 0.8 3 73 V 
Solution Temperature - 17.5 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0247 q/cm3 
Viscositv 0.011751 q/cm s 
Diffusivitv * 0.6184E-05 cm2/s
| Pun 
No
St i rrer 
Speed 
(rpm)




9.01 21.5 8.8 518.0 812. 8 1854.5
9. 02 65. 2 15. 7 924. 2 2464.8 1854. s’
9.03 85. 4 17.8 1047.8 3228.4 1854.5
9. 04 1 01. 9 19.5 1147.9 3852.2 1854.5
9.05 153.8 '■"> T CJ 1383.4 5814.2 1854.5
9.06 213. 3 27. 2 1601.2 8063.5 1854.5
9. 07 224. 3 27. 7 1630.6 84 79.4 1854.5
9. 00 254. 2 29. 2 1718.9 9609.7 1054.5
9.09 305.3 31 . 4 1848.4 11541.5 1854.5
9. lo 351. V 33.0 1942.6 13303.1 1854.5
DATE 30-4-01
BATCH Batch 3 o-f 0.005M Potassium Ferr i cyanide/O. 005M 
Potassium Ferrocvanide/O.5M Sodium Hydroxide 
solution prepared on 22-4-81
Potential = 0.0362 V 
Solution Temperature = 19.0 C
Ferricyanide concentration = 0.477E—05 mol/cm3 
Density = 1.0241 q/cm3 
Viscosity » 0.011361 q/cm s 
Diffusivity ■ 0.6429E-05 cm2/s
Run
No
St l r re.' 
Speed 
(rpm)




10.01 15.0 7.8 441. 7 586. 1 1725.8
10.02 32. 1 12.0 679. 5 1254.3 1725.8
10. 03 60. 0 17.3 979. 6 2344.4 1725.8
10.04 101.3 23.7 1342.0 3958.2 1725.8
10. 05 133. 3 28. 1 1591.1 5208.6 1725.8
10. 06 181.0 32. B 1857.2 7072.4 1725.8
10.07 239. 2 38.0 2151.7 9346.5 1725.8
10. 08 288. 5 42.3 2395.2 11272.9 1725.8
10.09 352.9 46. 8 2650.0 13789.2 1725.8
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DATE 5-5-81
BATCH Batch 4 ut O.OOSM Potassium Forricyanide/O.005M 
Potassium Ferrocyartide/O.5M Sodium Hydroxide 
solution prepared on 22-4—81
Potenti a1 - 0.3382 V 
Solution Temperature =■ 16.5 C
ref rnryanide concentration = 0.477E—05 mol /cn>3 
Density - 1.0252 q/cm3 
Viscosity = 0.012020 q/cm s 









Sh Re Gr Sc
11.01 0.0 1.7 102.7 0.0 0.16597E+07 1946.3
11.02 8. 8 5. 2 314.2 325. 4 1946.3
1 1 .03 22.9 9. 1 549. 9 846. 7 1946.3
11. 04 33.0 10. 7 646.5 1220.1 1946.3
1 1.05 61. 2 16.5 997.0 2262.7 1946.3
1 1 . 06 100.8 21. B 1317.2 3726.9 1946.3
11.07 141. 2 24.9 1504.5 5220.6 1946.3
11. 08 167. 6 27. 7 1673.7 6196.6 1946.3
1 1.09 204. 1 30 ■ 6y 1849.0 7546.2 1946.3
1 i . 10 235. 5 33. 2 2006.1 8707. 1 1946.3
11.11 272. 7 36. 7 2217.5 10082.5 1946.3
11. 12 303. 0 38. 1 2302.1 1 1 3 0 2 . 8 1946.3
11.13 357. 1 40. 7 2459.2 13203.0 1946.3
DATE 12-5-81
BATCH Batch 5 of O.OOSM Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
Solution prepared on 22—4—81
Potential = 0.8385 V 
Solution Temperature = 16.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0254 q/cm3 
Viscosity = 0.012158 q/cm s 









Sh Re Gr Sc
12.01 0.0 2.0 122.4 0.0 0.16230E+07 1994. .
12.02 12.2 6.2 379.6 446. 1 1994. i
12.03 20. 9 9.4 575.5 764. 1 1994.•
12.04 32. 7 11.4 697.9 1 195.6 19V4.1
1 2. OS 60.0 16. 7 1022.4 2193.7 1994. 1
12.06 90. 7 21.3 1304.0 3316.2 19 9 4 . j
12.07 117.6 25.2 1542.8 4299.7 1994. 1
12.08 152. 8 29.2 1787.6 5586.7 1994.1
12. 09 194. 4 33. 5 2050.9 7107./ 1994. 1
12. 10 228. 1 37. 2 2277.4 8339.8 1994.1
12. 11 266.7 40. 7 2491.7 9751.1 19V4.i
12. 12 328.5 45.5 2785.5 12010.7 . 1994.i
12. 13 335.0 47. 7 2920.2 12979.6 1994'. i
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DAIk i 9-5—81
BA'ICH Batch 6 o-f 0.005M Potassium Ferri cyanide/0.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 22 -4-81
Potential = 0.8377 V 
Solution Temperature - 18.0 C
Ferricyanide concentration = 0.477E-05 moi/cm3 
Density = 1.0245 g/cm3 
Viscosity = 0.011619 q/cm s 









Sh Re Gr Sc
13.01 0.0 0.8 46.5 0.0 0.17739E+07 1810.4
13.02 20.9 8.6 499. 7 798. 9 1810.4
13,03 67.0 18.2 1057.5 2561.0 1810.4
13.04 109. 6 21.9 1272.5 4189.3 1810.4
13. 05 140. 8 24.8 1441. 1 5381.9 1810.4
13. 06 177. 3 27.8 1615.4 6777.1 1810.4
13.07 223.0 31. 2 1812.9 8523.9 1810.4
13.08 269.0 34. 1 1981.5 10282.2 1810.4
13.09 326. 1 37. 1 2155.8 12464.8 1810.4
13. 10 352.9 38. 4 2231.3 13489.2 1810.4
DATE 26-5-81
E<ATCH E<atch 7 of 0.C05H Potassi um Ferr l cyani de- • >. 0051*1 
Potassium Ferrocyanide/0.5M Sodium Hvdroxide 
solution prepared on 22-4—81
Potential - 0.8385 V 
Solution Temperature = 16.0 C
Ferricyanide concentration *■* 0.4 7/E-05 mol/cm3 
Density = 1.0254 o/cm3 
Viscosity ~ 0.012158 q/cm s 
Diffusivity = 0.5946E-05 cm2/s
Run
No






Sh Re Gr Sc
14.01 0. 0 2. 2 134.7 0.0 0. 1623'0E +0 7 1994.1
14.02 16. 1 8. 6 526. 5 588. 7 1994.1
14. 03 50. 4 14.8 906. 1 1842.v 1994.1
1 4.04 89. 6 21.7 1328.5 3276.0 1994.1
14.05 1 12.5 25.5 1561.1 4113.2 1994.1
14. 06 153. 1 30.0 1636.6 5597'. 7 1994.;
14.07 189. 1 34. 3 2099.9 6913.9 1994.l
14. 08 231.7 38. 0 2326.4 8471.4 1994. i
14.09 272. 7 41. 7 2552.9 9970.5 1994.i
14.10 343.5 46. 7 2859.0 12559.J 1994. 1
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DATE 27-5-81
HATCH batch 1 oF O.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 27-5-81
Potential = 0.8331 V 
Solution Temperature = 20.0 C
Ferricyanide concentration = 0.487E-05 mol/cm3 
Density = 1.0236 g/cm3 
Viscosity = 0.011111 q/cm s 






Li mi ting 
Current 
(mA)
Sh Re Gr Sc
15.01 0.0 1 . 7 91 .9 0.0 0.19365E+07 1645.6
15.02 18.2 8. 7 470.2 726. 9 1645.6
15.03 54. 3 16. 1 870.2 2168.6 1645.6
15. 04 85. 7 22. 2 1199.9 3422.6 1645.6
15.05 134. 5 27.5 1486.4 5371.5 1645.6
15.06 160. 4 32. 0 1729.7 6405.9 1645.6
15.07 182. 9 34. 7 1875.6 7304.5 1645.6
15.08 227. 3 38. 7 2091.8 9077.7 1645.6
15.09 270.3 42. 2 2281.0 10795.0 1645.6
15. 10 342. 9 48. 1 2599.9 13694.4 1645.6
DATE 3-6-81
HATCH Batch 2 oF 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 27-5-81
Potential = 0.8393 V 
Solution Temperature - 17.0 C
Ferricyanide concentration = 0.497E-05 mol/cm3 
Density = 1.0250 q/cm3 
Viscosity = 0.011885 g/cm s 









Sh Re Gr Sc
16.01 0.0 2. 4 137. 4 0.0 0.16970E+07 1899.:
16.02 17.6 9. 7 555. 2 658. 0 1699.7
16.03 38.0 13. 1 749. 8 1420.7 1899.>
16.04 66. 1 18. 2 1041.8 2471.3 1899.7
16.05 106. 4 24.2 1385.2 3977.9 1899.7
16.06 159.6 30.7 1757.2 5966.9 1899.7
16.07 198. 7 34.9 1997.6 7428.7 1899.7
16.06 240. 0 39. 3 2249.5 8972.8 1899.7
16.09 306. 1 44.7 2558.6 11444.1 1899.>
1 6. 10 337. 1 47. 2 2701.7 12603.1 1899.
DATE 23-7-81
PATCH Batch 6 o-f 0.005M Potassium Ferr i cyani de/O. 005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 27-5-81
Potential - 0.3352 V 
Solution Temperature - 17.0 C
Ferricyanide concentration = 0.497E-05 mol/cm3 
Densits' — 1.0250 tj/cm3 
Viscosity - 0.011885 q/cm s 
D i -f 4 usi v i t y = 0.6104E-05 c. m2/s
Run
No
St i rrer 
Speed 
(rpm)
Li mi t i ng 
Current 
(mA)
Sh Re Gr Sc
17. 01 0.0 2. 1 120.2 0.0 0.16970E+07 1899.7
J 7.02 17.4 8.7 498. 0 650. 5 1899.7
1 7.03 21.6 10.2 583.8 807.6 1899.7
17. 04 46. 7 16.5 944. 4 1746.0 1899.7
17. 05 66. 3 21.2 1213.5 2478.7 1899.7
17.06 SO. 5 22. 7 1299.3 3009.6 1899.7
17.07 102. 1 26. 5 1516.8 3817.2 1899.7
1 7. 08 130.2 32.7 1871.7 5166.8 1899.7
17.09 1 78. 0 37.6 2152.2 6654.8 1899.7
17. 10 215.0 42. 3 2421.2 8038.1 1899.7
17. 11 253. 2 45.8 2621.6 9466.3 1899.7
17. 12 354.3 55. 5 3176.8 13246. 1 1899.7
DATE 25-9-31
BATCH Batch 1 o-f 0.005M Potassium Ferricyani de/O. 005M 
Potassium Ferrocyani de/O. SI’S Sodium Hydroxide 
solution prepared on 24-R-81
Potential = 1.0026 V 
Solution Temperature = 16.5 C
Ferricyanide concentration = 0.500E—05 mol/cm:- 
Density - 1.0252 q/cm3 
Viscosity = 0.012020 q/cm s 
Di f-f usi vi ty - 0.6024E-05 cm2/s
Run
No






Sh Re Gr Sc
18.01 0.0 0.8 46. 1 0.0 0.16597E+07 1946. :•
18.02 7.7 5. 5 317.0 284. 7 1946.3
18.03 • 5 12.0 691. 7 942. a i94t>. :
18.04 38.4 15. 3 882. 0 1419.8 1946.3
18. 05 72. 4 23. 1 1331.6 2676.8 1946.3
18. 06 89.6 25. 3 1450.4 3312.8 1946. :•
13.07 1 18.8 31. 1 1792.7 4392.4 1946.3
1 8. 08 129.6 33.0 1902.3 4791.7 1946.3
18.09 155.4 36. 2 2086.7 5745.6 1946.3
18. 10 179.6 39. 7 2288.5 6640.3 1946.3
18. 11 205.5 43.0 2478.7 7597.9 194t>. :
18. 12 231.9 46. 1 2657.4 8574.0 1946.3
18. 13 260.8 49. 5 2853.4 9642.5 1946.3
18. 14 288.5 53.8 3101.3 10666.7 19463
18. 15 338. 4 59. 0 3401.0 12511.6 1946.3
18. 16 362.5 61.0 3516.3 13402.6 1946. :■
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DATE 6-11-81
BATCH Batch 2 o-f 0.005M Potassium Ferri cyani de/O. 005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 24-9—81
Potential =* 0.9928 V 
Solution Temperature = 14.0 C
Ferricyanide concentration = 0.298E-05 mol/cm3 
Density = 1.0262 g/cm3 
Viscosity = 0.012728 g/cm s 









Sh Re Gr Sc
19.01 0.0 2.3 237. 6 0.0 0.1483IE+07 2199.1
19.02 24. 7 6. 6 681.8 863.3 2199.1
19.03 63.2 11.6 1198.4 2208.9 2199.1
19.04 96. 8 15. 1 1560.0 3383.2 2199.1
19.05 138.5 18.0 1859.6 4840.7 2199.1
19.06 161 . 1 19. 9 2055.8 5630.6 2199.1
19. 07 180. 7 21.3 2200.5 6315.6 2199.1
1 9. 08 232. 6 25. 2 2603.4 8129.6 2199.1
19. 09 298. 5 27.7 2861.6 10432.9 2199.1
19. 10 328.8 30.0 3099.3 11491.9 2199.1
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APPENDIX A6.4 CURRENT-POTENTIAL DATA AS A FUNCTION OF THE IMPELLER ROTATIONAL SPEED FOR THE ELECTROLYTIC MIXING
CELL WITH THE PRESENCE OF 1 LAYER OF 3MM GLASS SPHERICAL PARTICLES ON THE CATHODE
DATE 19-5-82
BATCH Batch 2 of 0.005M Potassium Ferr i cyani de/O. 00511 
Potassium Ferrocyanide/O.SH Sodium Hydroxide 
solution prepared on 23-4-82
Run Hu 1.01
Stirrer Speed = 29.9 rpm
Solution Temoerature ■ 20.0 C
DATE 19-5-92
BATCH F:atch 2 o-f 0.C05M Potassium Ferricyanide/O. 005M 
Potassium Ferrocvanide/O.5M Sodium Hydroxide 
solution prepared on 23-4-82
Run No 1.02
Stirrer Speed = 66.3 rpm




















































HATCH Batch 2 of 0.00SM Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 23-4-82
Run Mo 1.03
Stirrer Speed = 85.9 rpm






























BATCH Batch 2 of 0.005M Fotassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 23-4-82
Run No 1.04
Stirrer Speed = 123.4 rpm 
Solution Temperature » 21.0 C

























DAI CM Batch 2 of D.005M Potassium Ferricyanide/O. O05M 
Potassium Ferrocvanide/0.5M Sodium Hydroxide 
solution prepared on 23-4-82
Hun No 1.OS
Stirrer Speed = 175.4 rpm 





























BATCH Batch 2 of 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyan i de/O. 5I“! Sodium Hydroxide 
solution prepared on 23-4-82
Run No 1.06
Stirrer Speed = 200.0 rpm 






























APPENDIX A6.5 Ir - N  DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE
— . . j_|
PRESENCE OF 1 LAYER OF 3MM GLASS SPHERICAL PARTICLES 
ON THE CATHODE
DATE 29-4-81
BATCH Batch 2 of 0.005M Potassium Ferricyanide/0.005M Potassium
Ferrocyanide/O.5M Sodium Hydroxide solution prepared 
on 22-4-81
Potential = 0,8410 V
Solution Temperature = 14.0 C
-6 , 3




















MASS TRANSFER DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF ONE OR MORE LAYERS OF GLASS
SPHERICAL PARTICLES ON THE CATHODE
TABLE A6.6.1.2 
CELL WITH THE PRESENCE OF 1!LAYER OF
0.368MM GLASS SPHERICAL PARTICLES ON 
THE CATHODE
I -N DATA FOR THE ELECTROLYTIC MIXING
L i
I. -N DATA FOR THE ELECTROLYTIC MIXING 
L
CELL WITH THE PRESENCE OF 2 LAYERS OF 
0.368MM GLASS SPHERICAL PARTICLES ON 
THE CATHODE
DATE 3-6-81
BA t CH Batch 2 ot 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 27—5—81
Potential = 0.8434 V 
Solution Temperature - 16.0 C
Ferricyanide concentration = O.497E-05 mol/cm3 
Density = 1.0254 q/cm3 
Viscosity = 0.012158 q/cin s 
Dif-fusivity = 0.5946E-05 cm2/s
DATE 3-6-81
BATCH batch 2 of 0.0051*1 Potassium Ferr i cyani de/O. 005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 27-5-81
Potential = 0.8444 V 
Solution Temperature - 18.0 C
Ferricyanide concentration = 0.497E—05 mol/cm3 
Density = 1.0245 g/'cm3 
Viscosity = 0.011‘619 q/cm s 










I .01 0.0 1.3 76. 4 0.0 1994.1
1.02 12. 0 1. 6 95.2 438.7 1994.1
1.03 20. 5 2.8 163.9 7 49.5 1994.1
1.04 33. 1 4. 1 242. 1 1210.2 1994.1
1.05 59. 7 7. 1. 420. 1 2182.8 1994.1
1.06 67.0 7.9 467. 1 2449.7 1994.1
1.07 89. 6 10. 6 622.8 3276.0 1994.1










1.01 0. 0 0. a 44.6 0.0 1810.4
1.02 15.3 1.2 65.8 584.8 1810.4
1.03 >9.5 2. 9 164.5 1509.8 1810.4
1.04 74. 5 6.0 334.6 2847.7 1810.4
1.05 90.0 7.7 429. 4 3440.2 1810.4
1.06 106.5 9.8 549. 3 4070.9 1810.4
TABLE A6.6.1.3 I -N DATA FOR THE ELECTROLYTIC MIXING
■ -  ■■ J_J
CELL WITH THE PRESENCE OF 3 LAYERS OF 
0.368MM GLASS SPHERICAL PARTICLES ON 
THE CATHODE
OATH 3—6--8 i
BATCH Batch 2 o-f Q.003M Potassium Kerr i cyani de/O. 005M 
Potassium Ferrocyanide/O.5N Sodium Hydroxide 
solution prepared on 27-5-81
Potential = 0.8450 V 
Solution Temperature — 19.0 C
Ferricyanide concentration = 0.497E-05 mol/cm3 
Density = 1.0241 q/cm3 
Viscosity = 0.011361 q/cm s 
Di+tusivity - 0.6429E-05 cni2/s
Rui i 
Mo
St i rrer 
Speed 
(r pm)




1 .01 0. 0 0.8 44. 6 o o 1725.8
1.02 34.5 2.5 138.6 1348.1 1725.8
1.03 60.0 4.2 231.0 2344.4 1725.8
1.04 71.4 5. 5 301 . 6 2789.9 1725.8
1 .03 92. 7 7. 7 419.5 3622.2 1723.8
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TABLE A6.6.2.1 IT-N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 1 LAYER OF 0.695MM GLASS ------------------  L
SPHERICAL PARTICLES ON THE CATHODE
DA I EL 26-5-81
BA I Cl I Batch 7 o+ 0.0051*1 Potassium Ferri cvani de/O. 005M 
Potassium Ferrticyanide/O. 5M Sodium Hydroxide 
soJution prepar ed on 22-4-81
Potential - 0.8-58-5 V
SciJ r.it.i 011 '(emper ature *•= 16.5 C
•Fee Ticyanide concentration = 0.4778-05 moi/cm3 
Density “ 1.0252 q/cm3 
V i sc os i t. y - O . 0 1 2020 a / c rn s 










1.01 0 . 0 0. 7 42.3 0.0 1946.3
1. 02 12. 7 1 . 4 84. 6 469. 6 1946.3
1.03 23. 7 2. 4 143.0 876.3 1946.3
1. 04 34. 1 3.6 217.5 1260.8 1946.3
1.05 59. 5 6.5 392.8 2199.9 1946.3
1 . 06 63. 5 7. 7 468. 3 2347.8 1946.3
1.07 76. 9 9. 7 589. 1 2843.2 1946.3
1. 08 97.8 12.9 779. 5 3615.9 1946.3
1 .09 123. 7 16.0 966.8 4573.5 1946.3
DATE 27-5-31
HAT CH Datch 1 o-f 0.00511 Potassium Per r i cyani de/O. 005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 22-4-81
Potential = 0.838/ V 
Solution Temperature = 18.0 C
Ferricyanide concentration “ 0.487E-0S mol/cm3 
Density = 1.0245 q/cm3 
Viscosity « 0.011619 a/cm s 










2.01 0.0 0.7 41.0 0.0 1810.4
2. 02 9.7 1.0 56.9 370. 8 1810.4
2.03 28.6 2.8 159.4 1093.2 1810.4
2. 04 42.3 5.5 315.9 1616.9 1810.4
2.05 67. 4 9.0 515. 1 2576.3 1810.4
2.06 85.5 11.3 643. 1 3268.1 1810.4
2.07 97. 1 13. 1 745.6 3711.5 1810.4
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LVilE 2B-5- Q 1
OAfCK Batch i o-f 0.005M Potassium Ferri cvani de/O. 005M 
Potassium ferrocvanide/O. 5N Sodium Hydroxide 
solution prepared on 22-4-B1
Potential = 0.13330 V 
Solution temperature = 20.0 C
Ferricyanide concentration = 0.487E-05 mol/cm3 
Density = 1.0236 Q/cm3 
Viscosity ® 0.011111 q/cm s 
Di f 4usi vi ty = 0.6596E-05 cm2/s
Run
No
S t i r r er 
Speed 
(rpm)




3.01 0. 0 0.6 32.4 0.0 1645.6
3.02 8. 8 1. 1 57.8 351.4 1645.6
3. 03 24.0 2.2 120.0 953.5 1645.6
3.04 35.7 4.0 216. 2 1425.8 1645.6
3. 05 70.6 9.0 436. 5 2819.6 1645.6
3. 06 91. 0 11.7 632. 4 3666.2 1645.6
3.07 108. 3 14.5 783.7 4325.2 1645.6
3. 08 131.6 17.5 945.9 c J 1645.6
0MIE 28-1 —£32
KA'fCH batch 4 o-f 0. OOSM Potassium Ferr i cyanide/0. OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-82
Potential = 1.0028 V 
Solution temperature = 19.0 C
Ferricyanide concentration = 0.467E-05 mol/cm3 
Density * 1.0241 q/cm3 
Viscosity = 0.011361 q/cm s 










4.01 0.0 0. 8 47. 4 0.0 1725.8
4.02 12. 6 1. 3 75.8 492.3 1725.8
4.03 16. 1 1. 7 101.2 629. 1 1725.8
4.04 32.2 3. 4 199. 5 1258.2 1725.8
4.05 50.0 5. 7 332.6 1953.7 1725.3
4.06 68.2 8. 1 468. 5 2664.9 1725.8
4.07 01. 1 10. 3 595. 7 3168.9 1725.8
4. 08 91.5 11.5 665. 1 3575.3 1725.0
4.09 99.3 12. 5 722.9 3880.1 1725.8
4.10 101.7 12. 8 740. 3 3973.8 1725.0
4.11 1 17.3 14.2 021.3 4533.4 1725.a
4.12 120.0 15. 1 873.3 4608.9 1725.8
2
8H
DA IF. 28 l"bV
DA I Cl I batch 4 of 0.005M Potassium Ferricvanide/O.005M 
Potassium ferrocyanido/0. 3M Sodium Hydroxide 
solution prepared on 16-11-82
Potential = 1.0123 V 
Solution Temperature* = 19.0 C
Ferricyanide concentration = 0.467E-03 mol/cin3 
Density - 1.0241 q/cm3 
Viscosity ■* 0.011361 q/cm s 
Diffusivity - 0.6429E-05 cm2/s
Run
Ho
St i rrer 
Speed 
(rpm)




5.01 0.0 0. 7 43.4 0.0 1725.8
5. 02 12.5 1. 1 63. 6 488. 4 1725.8
5. 03 50. 8 6. 3 365.5 1935.0 1725.8
5.04 56. 3 7.4 430. 9 2199.9 1725.8
5. 05 66. 7 0. 7 503. 2 2606.2 1725.8
5. 06 04. 5 12.3 711.4 3301.8 1725.8
5. 07 92. 3 14.0 809. 7 3606.5 1725.8
5. 00 100. B 14.0 856. 0 3938.7 1725.0
5.09 1 15. 4 16.9 977.4 4509.1 1725.8
285
TABLE A6.6.2.2 IT-N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 2 LAYERS OF 0.695MM GLASS
L
SPHERICAL PARTICLES ON THE CATHODE
DATE 28-5-81
BATCH Batch 1 of 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferr'ocyani de/O. 5M Sodium Hydroxide 
solution prepared on 27-5-81
Potential = 0.8407 V 
Solutioii Temperature = 21.0 C
Ferricyanide concentration = 0.487E-05 mol/cm3 
Density = 1.0231 q/cm3 
Viscosity = 0.010867 q/cm s 
uiffusivitv 0.6767E-O5 cm2/s
DATE 29-5-81
BATCH Batch 1 of 0.005M Potassium Ferrlcyanide/O.005M 
Potassium Perrocyanide/O.SM Sodium Hydroxide 
solution prepared on 27-5-81
Potential = 0.83t9 V 
Solution Temperature = 20.0 C
Ferricyanide concentration = 0.437E-05 mol/cm3 
Density = 1.0236 q/cm3 
Viscosity = 0.011111 g/cm s 
Diffusivity = 0.6596E-05 cm2/s
Run
No
St i rrer 
Speed 
(rpm)




1.01 0.0 0. 4 21.1 0.0 1569.6
1.02 10. V 0. 5 26. 3 444.9 1369.6
1.03 21.9 1. 3 71 . 1 893. 8 1569.6
1.04 39. 7 2. 7 144. 9 1620.3 1569.6
1.05 56. 1 5.3 281 . 9 2289.6 1569.6










2.01 0.0 0.5 25.9 0.0 1645.6
2. 02 16.0 0.7 37.8 639. 0 1645.6
2.03 22.9 1.3 70. 3 914.6 1645.6
2.04 55. 6 4.7 254. 0 2220.5 1645.6
2.05 71.. 4 7.0 378.4 2851.5 I645.6
2. 06 90. 9 9. 4 510. 8 3630.3 1645.6
2.07 104.5 11.3 610.8 4173.4 1645.6
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DATE 20- I--82
BATCH batch 4 of 0.005M Potassium Ferr i cyani de/O. 00511 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 1.0069 V 
Solution Temperature = 20.0 C
Ferricyanide concentration = 0.467E-05 mol/cm3 
Density = 1.0236 q/cm3 
Viscosity = 0.011111 g/cm s 
Diffusivity = 0.6596E-05 cm2/s
Run
No







3.01 0. 0 0.2 9.6 0.0 1645.6
3.02 48. 2 7.7 434.0 1925.0 1645.6
3.03 59.0 9.2 521. 4 2356•3 1645.6
3. 04 80.0 13. 1 738. 4 3195.0 1645.6
3. 05 96. 0 14.9 839.9 3834.0 1645.6
3.06 109. 1 16.9 952.6 4357.1 1645.6
DATE 20-1-82
F.«ATCH Batch 4 of 0.005M Potassium Ferr i cyani de/O. 00511 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 1.0074 V 
Solution Temperature = 21.0 C
Ferricyanide concentration * 0.467E-05 mol/cm3 
Density =* 1.0231 g/cm3'
Viscosity = 0.010867 q/cm s 










4.01 0.0 1. 4 76.9 0.0 1569.6
4.02 24. 7 2.5 137. 4 1008.1 1569.6
4.03 49. 2 j* j 304.9 2008.0 1569.6
4.04 60. 0 6.9 381.9 2448.8 1569.6
4.05 61.8 7.8 428.6 2522.3 1569.6
4.06 72.0 9.7 535.7 2938.5 1569.6
4.07 82.4 11.2 615.4 3363.0 1569.6
4.08 86.7 11.8 648.3 3538.5 1569.6
4. 09 100. 6 13. 3 730. 7 4105.S 1569.6
4. 10 112.7 15.0 824. 1 4599.6 1569.6
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DAT E 20-1 -BI­
HATCH Batch 4 or 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prc-pared on 16-11-81
Potential = 1.0078 V 
Solution Teiriperature = 21.0 C
Ferricyanide concentration = 0.467E-05 mol/cm3 
Dens 11 y = 1.0231 q /cm3 
Viscosity = 0.010867 q/cm s 










5.01 0.0 1 . 4 75.3 0.0 1569.6
5. 02 60. 0 6. 4 351. 6 2448.8 1569.6
5. 03 64. 2 7.4 409.3 2620.2 1569.6
5.04 72. 7 B. 7 476.9 2967.1 1569.6
5. 05 96.0 12. 3 675.8 3913.1 1569.6
5. 06 110. 0 13.9 763. 7 4489.4 1569.6
DATE 22-1-82
BATCH Batch 4 o-f 0.005M Potassium Ferricyanide/0.005M 
Potassium Ferrocyani de/0. 511 Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 1.007B V 
Solution Temperat.ure = 17.0 C
Ferricyanide concentration = 0.467E-05 mol/cm3 
Density = 1.0230 q/cm3 
Viscosity = 0.011885 q/cm s 










6.01 0.0 1.4 84. 1 0.0 1899.7
6. 02 22. 4 2. 1 127. 9 837.5 1899.7
6. 03 34. 3 3. 1 188.8 1282.4 1899.7
6.04 54.5 5. 4 328.9 2037.6 1899.7
6. 05 70.6 7.3 444.7 2639.5 1899.7
6. 06 82.7 8.8 539. 1 3091.9 1899.7
6. 07 101. 1 11.8 718.8 3779.8 1399.7
6. 08 1 08. 1 12. 6 767.5 4041.5 1899.7
6.09 121.0 15.3 932.0 4523.8 1899.7
288
TABLE A6.6.2.3 I ^ N  DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 3 LAYERS OF 0.695MM GLASS
SPHERICAL PARTICLES ON THE CATHODE
OATE 29-5-81
BATCH Hatch 1 o-f 0.005M Potassium Ferncyanide/O.005M 
Potassium Ferrocyariide/O. 5M Sodium Hydroxide 
solution prepared on 27-5-81
Potential = 0.8390 V 
Solution Temperature = 21.0 C
Ferricyanide concentration = 0.487E-05 mol/cm3 
Density * 1.0231 q/cm3 
Viscosity - 0.010367 q/cm s 
Di-f-rusi vi ty = 0.6767E-05 cm2/s
DATE 22-1-82
BATCH Batch 4 o-f 0.005M Potassium Perr i cyani de/O. 005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 1.0031 V 
Solution Temperature = 15.0 C
Ferricyanide concentration = 0.467E-05 mol/cm3 
Density = 1.0258 q/cm3 
Viscosity = 0.012439 g/cm s 










1.01 0.0 0. 4 21. 1 0.0 1569.6
1.02 35. 7 1 . 9 102.7 1457.0 1569.6
1.03 62. 5 4.8 251.3 2550.8 1569.6
1.04 68. 2 6.7 355. 6 2782-. 5 1569.6
1 .05 90. 9 3.9 468.9 3709.9 1569.6
Run
No
St i r r er 
Speed 
(rpm)




2.01 0.0 1.2 73.3 o o 2093.8
2.02 17.8 1.5 96.9 636. 4 2093.8
2.03 31.4 2. 1 135.5 1122.6 2093.8
2.04 51.3 3.7 238.2 1834.0 2093.8
2. 05 67. 4 5.3 340. 3 2409.6 2093.8
2. 06 70.2 u. 7 365.9 2509.7 2093.8
289
DATE 25-1-82
BATCH Batch 4 of 0.005M Potassium Ferr i cyani de/O. 005M 
Potassium Ferrocvanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 1.0014 V 
Solution Temperature = 20.0 C
Ferricyanide concentratI on = 0.467E-05 mol/cm3 
Density - 1.0236 q/cm3 
Viscosity - 0.011111 o/cm s 










3 • 0 J 0.0 1. 2 70.5 0.0 1645.6
3. 02 10. 4 1.2 70. 5 415.3 1645.6
s.oz 1. 7 93. 6 906.6 1645.6
3. 04 43.0 3. 6 202. 9 1917.0 1645.6
Z. 03 62. 3 5.3 29a. 7 2496.1 1645.6
3. 0o 70. 6 6. 2 349. 5 2319.6 1645.6
3. 07 78. 4 7. 2 405.8 3131.1 1645.6
3 • • ;S 93.3 8.2 465. 0 3746.1 1645.6
3. 106. 5 10.9 614.4 4253.3 1645.6
DATE 25-1-82
BATCH Batch 4 of 0.00511 Potassium Ferr i cyani de/0.005M 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 16-11-81
F’otential = 1.0070 V 
Solution Temperature = 20.0 C
Ferricyanide concentration ■= 0.467E-05 mol /cm3 
Density = 1.0236 cj/cm3 
Viscosity - 0.011111 y/cm s 










4.01 0.0 1.0 59.2 0.0 1645.6
4.02 9. 2 1. 1 60. 3 367. 4 1645.6
4.03 20.3 1.7 94. 7 810. 7 1645.6
4.04 28. 8 2. 1 117.2 1150.2 1645.h
4. 05 45. 5 3.6 202. 9 1817.1 1645.6
4. 06 65. 2 5. 4 307. 2 2603.9 1645.6
4.07 69.8 6.3 353. 4 2787.6 1645.6
4. 08 81 . 1 7.4 4 16. 0 3238.9 1645.6
4.09 88.9 7.9 445.3 3550.4 I645.6
4. 10 95.2 9. 1 512.9 3802.0 1645.6
4. 1 1 102. 3 9.5 538. 3 4US5.6 1645.6
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DATE 25-1-32
BATCH Batch 4 o-f 0.005M Potassium Ferricyanide/0.005M 
Potassium Ferrocvanide/0.5M Sodium Hydroxide 
solution prepared on 16-11-31
Potential = 1.0070 V 
Solution Temperature = 16.0 C
Ferricyanide concentration = 0.467E-05 mol/cm3 
Density = 1.0254 g/cm3 
Viscosity * 0.012153 q/cm s 
Di -f -f usi vi ty = 0.5946E-05 cm2/s
Fun
No
St i rrer 
Speed 
(rpm)




5.01 0.0 0.5 32.5 0.0 1994.1
5.02 20. 4 1.0 63.8 745.9 1994.1
5. 03 34.5 2. 1 131.3 1261.4 1994.1
5. 04 49. 4 3.6 225. 1 1806.2 1994.1
5. 05 62.5 4.7 297.0 2285.1 1994.1
5.06 64. 9 5. 1 318. 9 2372.9 1994.1
5.07 80.0 6.8 428.3 2925.0 1994.1
5. 08 102. 6 S. 1 506. 5 3751.3 1994.1
5.09 106.2 9.0 562.8 3832.9 1994.1
TABLE A6.6.2.M- I ^ N  DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 4 LAYERS OF 0.695MM GLASS
SPHERICAL PARTICLES ON THE CATHODE
DATE 30-1-82
BATCH Batch 4 o-f 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocvanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 1.0070 V 
Solution Temperature = 16.0 C
Ferricyanide concentration = 0.467E-05 mol/cm3 
Density - 1.0254 q/cm3 
Viscosity = 0.012158 g/cm s 
Di-f-f usi vity = 0.5946E-05 cm2/s
Kun
No







1.01 0.0 1.0 62.5 0.0 1994.1
1.02 62. 2 4. 5 281.4 2274.2 1994.1
1.03 67. 8 5. 4 338.3 2478.9 1994.1
1.04 85. 7 6. 7 422. 1 3133.4 1994.1
1.05 93.0 7.8 487. 7 3400.3 1994.1
1.06 102.9 8. 6 537. 8 3762.2 1994.1
1 .07 11 1. 1 9.2 574.0 4062.1 1994.1
DATE 30—1—82
BATCH Batch 4 o-f 0.005M Potassium Ferr i cyani de/O. 005M 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential =0.9960 V 
Solution Temperature = 16.0 C
Ferricyanide concentration = 0.467E-05 mol/cm3 
Density = 1.0254 q/cm3 
Viscosity = 0.012158 q/cm s 










2.01 0.0 1.0 62. 5 0.0 1994.1
2.02 18.6 1.3 78.8 680. 1 1994.1
2.03 33.0 1.9 121.9 1206.6 1994.1
2.04 41.8 2.6 163. 8 1528.3 1994.1
2. 05 54. 1 3.7 231 . 4 1978.0 1994.1
2. 06 66.7 5*2 325. 2 2438.7 1994.1
2.07 71. 9 5.9 372. 1 2628.8 1994.1
2.08 87.6 6.9 431.5 3202.8 1994.1
2.09 96. 8 7.7 482.7 3539.2 1994.1
2. 10 102.9 8.3 519.0 3762.2 1994.1
2. 11 112.1 9.3 582.8 4098.6 1994.1
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DATE 1-2-82
BATCH Batch 4 o+ 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocvani de/O. 5f1 Sodium Hydroxide 
solution prepared on 16-11-Q1
Potential = 0.9960 V 
Solution Temperature = 21.0 C
Ferricyanide concentration = 0.467E—OS mol/cm3 
Density = 1.0231 q/cm3 
Viscosity — 0.010867 q/cm s 
DiIfusivity - 0.6767E-05 cm2/s
Run
No
Sf i r r er 
Speed 
(rpm)




3 .01 0 . 0 1.0 54.9 0.0 1569.6
3.02 16.3 1. 1 63. 2 665.3 1569.6
3.03 23.5 1. 4 76.9 959. 1 1569.6
3. 04 46.0 2.9 162. 1 1959.0 1569.6
3.05 61.8 4.6 255.5 1569.6
3. 06 71.0 5.4 299. 4 2897.7 1569.6
3.07 84.5 7.0 337.3 3448.7 1569.6
3.08 96.7 3.3 456.0 3946.6 1569.6
3.09 107. 8 3.4 464. 3 4399.7 1569.6
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TABLE A6.6.2.5 I^-N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 5 LAYERS OF 0.695MM. GLASS
SPHERICAL PARTICLES ON THE CATHODE
DA FE 3-2-82
BATCH Batch 4 o+ 0.005M Potassium Ferricyani de/O. 0051*1 
Potassium Furrocyanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 1. 0050 V 
Solution Temperature = 20.0 C
Ferricyanide concentration * 0.467E-G5 mol/cm3 
Density - i. 0256 q/ca»3 
Viscosity - 0.011111 q/cm s 
Di-f-f usi vity - V.65V6E-05 cm2/s
DATE 3-2-82
BATCH Batch 4 of 0.005M Potassium Ferricvanide/O.005M 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 1.0122 V 
Solution Temperature = 20.0 C
Ferricyanide concentration = 0.467E—OS mol/cm3 
Density = 1.0236 q/cm3 
Viscosity - 0.01111 I q/cm s 
Diffusivity = 0.6596E-05 cm2/s
Rut! 
Ho
61.. i r rer 
Speed 
tr pm)




1.01 0. 0 0.5 28. 2 0.0 1645.6
1.02 10. S 0. 5 28. 2 431.3 1645.6
1.03 27.3 1.3 73.3 1090.3 1645.6
1.04 46. 8 3.0 169. 1 1948.9 1645.6
1.03 61 . 3 4. 1 231. 1 2468.1 1645.6
1.06 73. 0 5.3 298. 7 2995.3 1645.6
1.07 33.7 6.5 369.2 3422.6 1645.6
1.08 96. 3 7.5 422.7 3845.9 1643.6










2.01 0.0 0. 4 23.7 0. 0 1645.6
2. 02 57. 1 4.5 256. 5 2280.4 1645.6
2.03 69.0 5.5 312.8 2755.7 1645.6
2.04 75.9 6.3 354. 0 3031.2 1645.6
2.05 81.8 6.8 386. 1 3266.9 1645.6
2. 06 e?.4 7.6 431. 2 3490.5 1645.6




L-iATCH Batch 4 ui 0.O05M Hotassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 16— 11-81
Potential = 0.9939 V 
Solution Temperature = 20.0 C
Ferricyanide concentration = 0.467E—OS mol/cm3 
Density - 1.0236 q/cm3 
Viscosity ** 0.011111 q/cm s 
Di -f iusi vi ty = 0. 6396E—OS cm2/s
Run
No
S t i r r er 
Speed 
(rpm)




3.01 0.0 0.3 18.0 0.0 1645.6
3. 02 28. 6 1.0 56.4 1142.2 1645.6
3.03 39. 2 2. 1 117.2 1565.5 1645.6
3.04 69.8 4.6 262. 1 2787.6 1645.6
3.05 72.2 5.0 281.3 2883.5 1645.6
3. 06 83.3 6. 0 341.0 3326.8 1645.6
3.07 84.9 6. 3 355. 1 3390.7 1645.A
3. 08 73.8 6. 9 391. 7 3746.1 1645.6
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TABLE A6.6.3.1 Ir-N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 1 LAYER OF 0.805MM GLASSL 
SPHERICAL PARTICLES ON THE CATHODE
DATE 9-12-31
BATCH Batcn 3 o-f 0.0051*1 Potassium Ferricvanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9916 V 
Solution Temperature — 14.0 C
Ferricyanide concentration = 0.477E—05 mol/cm3 
Density = 1.0262 p/cm3 
Viscosity = 0.0127.28 q/cm s 










1.01 0.0 0. 6 36.8 0. 0 2199.1
1.02 25. 0 2.6 169. 1 873. 8 2199.1
1.03 47.6 5.9 300.8 1663.7 2199.1
1.04 48. 4 5.9 380. Q 1691.6 2199.1
1.05 50.8 7.7 497.0 2055.1 2199.1
1. 06 65. 9 8.t> 555. 1 2303.3 2199.1
1. 07 65. 9 9. 4 606.7 2303.3 2199. 1
1.08 71. 4 9. 7 626.0 2495.5 2199.1
1.09 30.0 11.0 709.9 279o.1 2199.1
1. 10 02. 2 11.4 735.8 2873.0 2199.1
1.11 83.9 11.6 743.7 2932.4 2199.1
1.12 81.6 11.8 761.6 2852.0 2199.1
1.13 09. 6 13. 2 851.4 3131.6 2199.1
1 . 14 93. 9 13.5 871.3 3456.6 2199.1
1. 15 101. 7 15.0 968. 1 3554.5 2199.1
1.16 114.5 15.9 1026.2 4001.9 2199.1
DATE 9-12-81
BATCH Batch 3 o-f 0. 005M Potassium Ferr i cyani de/0. 005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential » 0.9916 V 
Solution Temperature = 14.0 C
Ferricyanide concentrat:ion = 0. 477E-05 moi/cm3 
Density * 1.0262 g/cm3 
Viscosity = 0.012728 q/cm s 










2.01 16.9 1. 8 116. 2 537.2 2199.1
2. 02 18.8 2. 0 129. 1 657. 1 2199.1
2.03 33. 0 0* • 225.9 1153.4 2199.1
2. 04 46. 9 5.2 335. 6 1639.2 2199.1
2.05 61.2 7.7 497.0 2139.0 2199.1
2. 06 69.8 9.2 593. 8 2439.6 2199.l
2.07 78.9 10.8 697. 0 2757.6 2199.1
2. (>B 72.3 11.3 729. 3 2527.0 2199.1
2.09 91. 4 12.7 819.7 3194.5 2199. 1
2. lO 96.3 13.3 858. 4 3365.8 2199.1
2. 1 1 103. 4 14.3 922. 9 3613.9 2199.1
2. 12 105. 9 14.9 961. 7 3701.3 2199.1
2. 13 108.4 15.0 968. 1 3788.7 2199.1
2. 14 125.9 17.0 1097.2 4400.3 2199.1
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DATE 2o-5-82
DAT CM Oatch 3 o-f O.OOSM Potassium Ferri cvani de/O. 005M 
Potassium Ferrac van i oe/ 0. 5N Sodium Hydroxide 
solution prepared on 23—4—82
Pu tiiritisl — i . 0217 V 
Solution Tem&erature = 21.0 C
Farric'/inide concentration — 0.477E-05 mol/cm3 
Donei ty -• 1.0331 q/cm3 
Viicoaitv - '.*.010867 a/cm a 










3. :>i 0 .0 0. 5 25.7 0 . 0 1569.6
5.02 18.0 1. 3 71.0 767.3 1569.6
3.03 23.8 -7 «r 133.3 1175.4 1569.6
3.04 43. 8 5.4 293.2 1787.6 1569.6
3 05 53. Ci 7.5 405. o 2265.1 1569.6
3. .*6 72. 7 10.2 548. 7 2967.1 1569.6
3.07 VO. 9 12.3 6S3.5 3709.9 1569.6
TABLE A6.6.3.2 Ir-N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 2 LAYERS OF 0.805MM GLASS 
L 
SPHERICAL PARTICLES ON THE CATHODE
DATE 26-5—82
BATCH Batch 3 of O.005M Potassium Ferricyanide/O.005M 
Potassium Ferrccyanide/O.5M Sodium Hydroxide 
solution prepared on 23-4-82
Potential — 1.026? V 
Solution Temperature = 21.3 C
Ferricyanide concentration - 0.477E-05 mol/cm3 
Density * 1.0229 q/cm3 
Viscosity = 0,010/48 y/cm s 
Di -f -f usi vi ty = 0.6S54E-05 cm2/s
Hun
Mo
Sti r rer 
Speed 
(r pni)




1.01 0.0 0.3 16.4 0.0 1333.1
1.02 15.7 0.7 37.6 647.7 1533.1
1.03 24. 7 1.3 93.3 1019.0 1533.1
1.04 54.5 5.0 265. 6 2248.3 1533.1
1.05 62.0 6. 1 321.9 2357.9 1533.1
1.06 72.3 7.3 390.4 2982.8 1533.1
1.07 85.3 ?. 2 490.2 3519.1 1533.1
1.08 102.3 11.2 594.8 4220.5 1533.1
DATE 26-3-82
BATCH Batch 3 o-f 0.005M Potassium Ferr i cyani de/0. 0O5M 
Potassium Ferrocyanide/0.3M Sodium Hydroxide 
solution prepared on 23-4-82
Potential = 1.0270 V 
Solution Temperature = 21.5 C
Ferricyanide concentration = 0.477E—05 mol/cin3 
Density = 1.0229 g/cm3 
Viscosity - 0.010748 g/cm s 










2.01 0.0 0.4 20.4 0.0 1533.1
2. 02 20.8 1.4 73.3 858. 1 1533.1
2.03 50.8 4. 4 234.7 2095.8 1533•1
2.04 71.8 7.0 371.8 2962.2 1533•1
2.05 7 7.9 8.8 470.0 3213.8 1533.1
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DA re 27-5—82
HATCH batch 3 o-f 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyani de/O. 5M Sodium Hydrcxide 
solution prepared on 23-4-82
Potential = 1.02/2 V 
Solution Temperature = 20.0 C
Ferricyanide concantr st. i ; r - 0.477E-05 mol/cm3 
Density = 1.023/ u-’cmS 
Viscosity — I U  cj/on s










3.01 0.0 0.3 17.0 0.0 1645.6
3.02 16.2 0.8 42.4 647.0 1645.6
3.03 30.9 2.2 120.9 1234.1 1645.6
3. 04 40. 8 3.0 165. 6 1629.4 1645.6
3.05 46. 0 4. 7 259. 9 1873.0 1645.6
3.06 57.7 5. 2 238. 6 2304.4 1645.6
3.07 69.8 6.9 381 . 9 2787.6 1645.6
3.08 75.9 7. 1 394.6 3031.2 1645.6
3.09 CO CO 9.5 522.0 3522.5 1645.6
3. 10 101.7 11.0 607.0 4061.6 1645.6
3. 11 11 L. 1 11.9 656. 7 4437.0 1645.6
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TABLE A6.6.3.3 IT-N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 3 LAYERS OF 0.805MM GLASS 
L i 
SPHERICAL PARTICLES ON THE CATHODE
DATE 27-5-82
BATCH Batch 3 of 0.005M Potassium Ferricyanide/O. 005M 
Potassium Ferrocyan:de/O.5M Sodium Hydroxide 
solution prepared on 23—4-S2
Potential - 1.0250 V 
Solution Temperature = 21.5 C
Ferricyanide concentration * 0.477E—05 mol/cm3 
Density - 1.0229 cj/cm3 
Viscosity = 0.010748 q/cm s 
Di-ft usi vity = 0.6854E-05 cm2/s
DATE 27-5-82
BATCH Batch 3 o-f 0.005M Potassium Ferricyanide/O. 005M 
Potassium Ferrocyanide/0.5H Sodium Hydroxide 
solution prepared on 23-4-82
Potential = 1.0316 V 
Solution Temperature = 22.0 C
Ferricyanide concentration ® 0.47 7E-O5 mol7cm3 
Density ** 1.0226 g/cm3 
Viscosity = 0.010630 g/cm s 










1.01 0.0 0.2 12.3 0.0 15 o 3. 1
1.02 14.0 0.5 25.3 577.6 1533.1
1.03 24.8 1.4 75. 4 1023.1 1533.1
1.04 .6 4.6 245. 4 2211.3 1533.1
1.05 75.0 7. 1 376.0 3094.2 1533.1
1. Ob 85. 7 8.6 455.7 3535.6 1533.1
1.07 09.6 9.3 494. 5 3696.5 1533.1










2.01 0.0 0.3 16.2 0.0 1497.6
2. 02 16. 4 1.0 54. 5 683. 9 1497.6
2.03 33.9 2. 1 112. 7 1413.7 1497.6
2. 04 38.7 2. 7 142. 1 1613.9 1497.6
2.05 55.6 4.8 254. 3 2318.6 1497.6
2.06 67. 4 6. 1 320.9 2810.7 1497.6
2.07 75.5 7.3 385. 4 3148.5 1497.6
2. 08 94.5 9.5 496. 1 3940.9 1497.6
2.09 108. 7 11.2 587.3 4533.0 1497.6
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OAlL 27-5-82
BATCH Batch 3 o+ 0.005M I'otassiuiii Herr i cvani de/0. OOSM 
Potassium Farrocyani de/O. 5i1 Sodium Hydroxide 
solution prepared on 23-4-82
Potential = 1.0310 V 
Solution Temperature ~ 22.0 C
Ferricyanide concentration = 0.477E—05 mol/cm3 
Density - 1.0226 g/cm3 
Viscosity = 0.010630 q/cm u 










3.01 0.0 0. 3 14.1 0.0 1497.6
3.02 26. 5 1. 1 56. 6 1105.1 1497.6
3.03 4 4 . a 3 .4 177.2 1868.3 1497.6
3. 04 66. 7 6.5 338.3 2781.5 1497.6
3.05 72.3 7 .3 383.3 3015.1 1497.6
DATE 28-5-82
BATCH Batch 3 ot 0.005M Potassium Ferricyanide/0.005M 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 23-4-82
Potential * 1.0310 V 
Solution Temperature = 20.0 C
Ferricyanide concentration = 0.477E—05 mol/cm3 
Density = 1.0236 q/c m3 
Viscosity - 0.011111 g/cm s 










4.01 0.0 0.2 13.6 0.0 1645.6
4.02 25.2 1.3 72.3 1006.4 1645.6
4.03 58.8 4.6 255.0 2348.3 1645.6
4. 04 71.4 6.3 346. 0 2851.5 1645.6
4.05 87.0 8.2 454. 2 3474.5 1645.6
DATE 1-6-82
BATCH batch 3 o-f 0.005(1 Potassium Ferricyanide/0.005M 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 23-4-82
Potential = 1.0218 V 
Solution Temperature = 21.0 C
Ferricyanide concentration = 0.4/7E-05 mol/cm3 
Density - 1.0231 q/cm5 
Viscosity * 0.010867 q/cm s 










5.01 0.0 0.3 14.5 0.0 1569.6
5. 02 14.0 0. 4 22.8 571. 4 1569.6
5.03 23.6 1.6 35.0 1167.3 1569.6
5.04 63. 2 4.8 260. 9 2579.4 1569.6
5. 05 75.0 6. 6 353.9 3061.0 1569.6
5.06 96. 0 8. 6 463, 7 3918.1 1569.6
5.07 106. 2 9.9 5 1* ■_* • C3 4334.4 1569.6
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TABLE A6.6.3.4 IT - N  DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 4- LAYERS OF 0.805MM GLASS -----------------  L
SPHERICAL PARTICLES ON THE CATHODE
da re 1-6-02
DA'fLU botch 3 o-f O.OOSM Potassium Forricvanide/O.005M 
Potassium Forrocyanide/O.5M Sodium Hydroxide 
solution prepared on 23-4-82
Potential * 1.0299 V 
Solution temperature = 2*2.0 C
Ferricyanide concentration = 0.477E-03 niol/cm3 
Density <* 1.0226 q/cai3 
Vi Kcosi tv •= 0.010630 q/cm s 
Di F-f usivi t y - O. 694 It-OS cm2/s
L>AI K 1 6-82
DAil.M batch 3 o + O.OOSM Potassium F err i cyani de/O. 005M 
Potassium Ferrocyanidra/O.SM Sodium Hydroxide 
solution prepared on 23-4-82
Potential = 1.0299 V 
Solution temperature m 22.0 C
Ferricyanide concentration = 0.477E—05 mol /c:m3 
Density — 1.0226 q/c.mi 
Viscosity « 0.010630 q/cm s 
Di-ftusiyity - O. 69411*-05 c:m2/s
tan i 
No
fit i rrer 
Speed 
(r pm)




t. 0 1 0.0 0. 2 12. 1 0.0 149/. 6
1.02 27. 3 1.3 70.0 1138.5 1497.6
t. 03 51.3 3.6 191. 4 2139.3 1497.6
1. <*<1 60.2 5. 6 296. 3 2844.1 1497.6
1. 05 79.3 6.5 343.0 3315.3 1497.6
1.06 96.0 O.o 452.0 4003.4 1497.6
1.0/ too. t 9.9 520.2 4508.0 1497.6










2.01 0.0 0.2 10. 1 0.0 149/.6
2.02 41.4 2.5 131. 1 1726.5 1497.6
2.03 69.8 5.7 298. 4 2910.8 1497.6
2.04 75.5 6. 3 330.9 3148.5 1497.6
2.05 90. 2 7. 1 373. 4 3761.5 1497.6
2.06 99. 2 0.6 449.9 4136.9 1497.6
2.07 1 17.6 9. 7 508. 1 4904.2 1497.6
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OA IE 1 -6-82
UVfL.ll uatch 3 of 0.005M Potassium Kerri cyani de/O. 005M 
Pat-.dssii.im Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 23-4-82
Potential » 1.0310 V
Sc»l ut i on Temperature * 23.0 C
Ferricyanide concentration * 0.477E-05 mol /cm3 
Density = 1.0221 Q/cn»3 
Viscosity = 0.010400 a/cm s 
Di t-fusi vi ty « 0.7119E-05 cm2/s
1 tun 
Ho
Bti rr er 
Speed 
(r pm)




3.01 0.0 0.3 15. 7 0.0 1429.3
3.02 15. 4 0.6 29. 5 656. 1 1429.3
3. 03 27.0 1.5 74. 7 1150.3 1429.3
3.04 61.2 4.6 236. 2 2607.4 1429.3
3. 05 71.4 6.0 306. 8 3042.0 1429.3
3.06 85. / 7.3 375.8 3651.2 1429.3
3.07 94.5 8.7 444. 3 4026.1 1429.3
DA re 2 -6 -8 2
DA 1CH Datch 3 o-f 0. 005M Potassium Kerri cyani de/0. 005M 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 23-4—82
Potential » 1.0238 V 
Solution Temperature - 22.5 C
Ferricyanide concentrati on «* 0.477E--05 mol/cm3 
Density « 1.0224 q/cm3 
Viscosity - 0.010514 q/cm s 
Di -f iusi vi ty - 0. 7030E-05 cm2/s
Rt «n 
Mo
St i rr er 
Speed 
(rpm)




4.01 0.0 0.2 12.7 0.0 1463.0
4.02 13.0 0. 4 20.7 501 .7 1463.0
4. 03 24.2 1. 2 61 .6 1020.1 1463.0
4. 04 46.5 3. 1 163. 1 1960.1 1463.0
4.05 72.3 6.0 308. 6 3047.6 1463.0
4. 06 90. 2 8. 1 418. 4 3802.1 1463.0
4.07 99.2 3.8 434. 1 4181. 4 1463.0
4. 08 105.9 V. 4 485. 7 4463.9 1463.0
t?o
e
TABLE A6.6.4.5 I - N  DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 5 LAYERS OF 0.805MM . GLASS 
---------------  L
SPHERICAL PARTICLES ON THE CATHODE
Unit 2 6-82
L:« i LI I hatch 3 o-f O.OOSM Potassium Ferricvanide/O. 005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 23-4-82
Potential -•* 1.0286 V 
Solution Temperature - 23.0 L
Ferricyanide concentration * 0.477E-05 mol/cm3 
Density = 1.0221 q/cm3 
Viscosity “ 0.010400 a/cm s 
l)i ft usi vity - 0.7119E-00 cm2/s
DATE 2-6-82
DA'ICII batch 3 oT O.OOSM Potassium Ferr i cyani de/O. OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 23-4-82
Potential ■= 1.0328 V 
Solution temperature = 24.0 L
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0216 q/cm3 
Viscosity “ 0.010176 q/cm s 










1.01 0.0 0.2 11.8 0.0 1429.3
1 . 02 2D. 6 1 .6 82.8 1090.7 1429.3
1.03 57. 1 4.6 237.8 2432.7 1429.3
1. 04 75. 4 6.3 320.6 3212.4 1429.3










2.01 0.0 0.3 13.4 0.0 1364.4
2.02 14.1 0. 4 19.2 613.6 1364.4
2.03 34.9 2.2 109.2 1513.8 1364.4
2.04 55. 0 4.0 201. 4 2393.6 1364.4
2.05 64.5 5. 3 264.8 2807.0 1364.4
2. 06 72.7 6.0 299.2 3163.9 1364.4
2.07 82.2 7. 1 355.0 3577.3 1364.4
2.08 90.9 8.3 414.3 3956.0 1364.4
2.09 109. 1 9.8 491. 1 4748.0 1364.4
305
DATE 3-6-32
BATCH Batch 3 of O.OOSM Potassiurn Karricvanicle/0.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 23-4-82
Potential * 1.0229 V 
Solution fomporature = 22.5 C
Ferr i cyan i de concentration ■= 0.477E-05 mol /cm3 
Density = 1.0224 q/cinS 
Viscosity 0.010514 q/cm s 










3.01 0.0 0.3 13.9 0.0 1463.0
3.02 20. B 0.5 27.9 876. B 1463.0
3.03 28. 7 t.3 63. 0 1209.8 1463.0
3.04 51. 7 3. 4 175.0 2179.2 1463.0
3.05 67. 4 4.9 254. 8 2841.0 1463.0
3.06 00. 0 6.2 320.3 3372.1 1463.0
3.07 91.6 7.6 392.5 3861.1 1463.0
3.08 105.3 8.6 446. 4 4438.6 1463.0
3.09 107. 1 9. 1 473. 0 4514.4 1463.0
DATE 3-6-82
BATCH Batch 3 o-f O.OOSM Potassium Ferr i cvani de/0. 005M 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 23-4-B2
Potential * 1.0274 V 
Solution temperature = 24.0 C
Ferricvanide concentration = 0.477E-05 mol/cm3 
Density - 1.0216 q/cm3 
Viscosity = 0.010176 q/cm s 
Diiiusivity = 0.7300E-05 cm2/s
Run
Mo







4.01 0.0 0.2 7.7 0.0 1364.4
4.02 14.5 0.3 15. 4 631.0 1364.4
4.03 30.3 1.5 74. 8 1318.7 1364.4
4.04 36.6 2. 1 103.7 1592.8 1364.4
4.05 65.2 5. 1 253. 3 2037.5 1364.4
4.06 73. 1 5.8 291.7 3181.3 1364.4
4.07 78.9 6.6 330. 1 3433.7 1364.4
4.08 102. 6 8.7 433.3 4465.1 1364.4
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TABLE A6.6.3.6 Ir - N  DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 6 LAYERS OF 0.805MM GLASS
L
SPHERICAL PARTICLES ON THE CATHODE
DAfE 4 -6-B2
DA f Cl I Hatch 3 o-f 0.005M Potassium Ferri cvani de/O. 005M 
Potassium Ferrocvanide/O.5M Sodium Hydroxide 
solution prepared on 23-4-82
Potential = 1.0242 V 
Solution 1 ontperature = 22.0 C
Perricyanide concentration — 0.477E—03 mol/cm3 
Dentits' m 1.0226 q/cm3 
Viscosity « 0.010630 o/crn s 
Di-f fusi vi tv = O. 694 1E—05 cm2/s
DAIE 4-6 02
DATCM Patch 3 o+ 0.0051*1 Potassium F err icyani de/O. 005M 
Potassium Ferrocyanide/O.5N Sodium Hydroxide 
solution prepared on 23-4-82
Potential = 1.0281 V 
Solution temperature = 23.0 C
Ferricyanide concentration ■ 0.477E—05 mol/cm3 
Density = 1.0221 o/cm3 
Viscosity “ 0.010400 q/cm s 
Di + fusivity = t>. 7119E-05 cm2/s
Run
Mo
S ti rrer 
Speed 
<r pm)




1.01 0.0 0.3 16.2 0.0 1497.6
1.02 12. 4 0. 4 20.2 517. 1 1497.6
1.03 21.9 1. 1 50.7 913.3 1497.6
1.04 30. 8 1.5 78.7 1284.4 1497.6
1.05 37.5 2. 1 111.2 1563.8 1497.6
1 .06 56.6 4 .0 207. 7 2360.3 1497.6
1.07 69. a 5. 4 231 .6 2910.8 1497.6
1.08 73. 2 5.8 306.8 3052.6 1497.6
1.09 90 .9 7.3 383.3 3790.7 1497.6
1. 10 96. 8 '/. 9 415.3 4036.B 1497.6










2.01 0.0 0.3 13.8 0.0 1429.3
2. 02 24. 8 1. 1 55. 2 1056.6 1429.3
2.03 53. 1 3.9 200. 4 2262.3 1429.3
2.04 69.0 5.3 273.6 2939.7 1429.3
2.05 09.6 7.6 389.6 3017.4 1429.3
2. 06 101.7 8.5 432.6 4332.9 1429.3
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1>A(E 4-6-02
DA I CM Datch 3 of 0. 00511 Potassium Ferricyanide/O.005M 
Potassium Ferrocvanide/O.5M Sodium Hydroxide 
solution prepared on 23-4-82
Poton t i aI = 1.0301 V 
Solution Temperature = 24.0 C
Ferricyanide concentration =* 0.477E—OS mol/cm3 
Density “ 1.0216 q/cm3 
Viscosity = 0.0101/6 q/cm s 










3.01 0.0 0.3 15.4 0.0 1364.4
3. 02 30. 6 1.6 78. 8 1331.7 1364.4
3.03 55. 6 4.4 219. 4 2419.7 1364.4
3. 04 71.4 6. 0 297. 2 3107.3 1364.4
3.05 81. 1 6.6 330. 1 3529.5 1364.4
3. 06 95.2 7.9 394. 9 4143.1 1364.4
3.0/ 114.3 8.6 427.8 4974.3 1364.4
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TABLE A6.6.4.1 Ir-N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 1 LAYER OF 1.29MM GLASS
L
SPHERICAL PARTICLES ON THE CATHODE
DATE 12-5-81
BATCH batch 5 o-f 0.005M Potassium Ferricyanide/O.003M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 22-4-81
Potential = 0.83/5 V 
Solution Temperature — 19.5 C
Ferricvanide concentration - 0.477E—05 mol/cm3 
Density = 1.0238 q/cm3 
Viscosity - 0.011/33 q/on s 
Di -f i usi vi ty - 0.6512E-05 cm2/s
DATE 13-5-81
BATCH Batch 5 of 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 22-4-81
Potential = 0.8347 V 
Solution Temperature = 18.5 C
Ferricyanide concentration = 0.477E—05 mol/cm3 
Density = 1.0243 q/cm3 
Viscosity = 0.011489 cj/cm s 










1.01 0. 0 . 0.2 11.2 0.0 1685.1
1.02 14.7 1.3 72. 7 580.7 1685.1
1.03 26.7 3.7 209.6 1054.8 1685.1
1.04 39. 9 6.2 346. 6 1576.2 1685.1
1.05 61. ! 10. 3 575.3 2413.7 1635.1
1.06 74. 2 13.0 726.7 2931.2 1685.1
1.07 82. 1 14.8 827.3 3243.3 1685.1
1.08 90. 1 16.4 916.7 3559.3 1685.1
1.09 103. 1 18.5 1034.1 4072.9 1635.J










2.01 0.0 0.2 13.8 0.0 1767.5
2.02 12. 8 1.2 67.7 494. 7 1767.5
2.03 22.7 2.8 163.5 877.3 1767.5
2.04 48.0 7.0 401.5 1855.1 1767.5
2.05 68. 4 11.1 636.7 2643.5 1767.5
2. 06 76.4 12.5 717.0 2952.7 1767.5
2.07 89.6 14.9 854.7 3462.8 1767.5
2.08 104.4 17.3 992.3 4034.8 1767.5
2.09 123.5 19.6 1124.2 4773.0 1767.5
2. 10 139.5 21.5 1233.2 5391.3 1767.5
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TABLE A6.6.4.2 Ir-N DATA FOR THE ELECTROLYTIC MIXING 
“ Li
CELL WITH THE PRESENCE OF 2 LAYERS OF 
1.29MM GLASS SPHERICAL PARTICLES ON 
THE CATHODE.
DATE 13-5-81
BATCH batch 5 o+ 0.005M Potassium Perricyanide/O.005M 
Potassium f-errocyan 1 de/O. 5M Sodium Hydroxide 
solution prepared on 22-4-81
Potential ** 0.8381 V 
Solution Temperature = 20.0 C
Kerricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0236 g/cm3 
Viscosity = 0.011111 q/cm s 










1.01 0.0 0. 1 8.3 0.0 1645.6
1.02 17. ? 1.2 67.3 714.9 1645.6
1.03 25. 6 2. 7 149.0 1022.4 1645.6
1.04 41.7 4.7 262. 1 1665.4 1645.6
1.05 55. 0 7.3 402.8 2196.5 1645.6
1.06 69. 4 9. 2 507.7 2771.6 1645.6
1.07 77.7 10. a 576.0 3111. 1 1645.6
1.08 e9.3 12. 1 667.7 3566.4 1645.6
1.07 103. 6 14.6 80S. 7 4137.5 1645.6
1. 10 114.5 15. 9 877.4 4572.8 1645.6
1.11 120.2 16.8 927. 1 4800.4 1645.6
1. 12 153.5 22. 0 1214.1 6130.3 1645.6
TABLE A6.6.4.3 IT-N DATA FOR THE ELECTROLYTIC MIXING_ _ _ _ _ _ _ _  J_,
CELL WITH THE PRESENCE OF 3 LAYERS OF 
1.29MM GLASS SPHERICAL PARTICLES ON 
THE CATHODE
DATE 13-5-81
BATCH Batch 5 of 0.005M Potassium Ferricyanide/O. 005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 22—4—81
Potential » 0.8277 V 
Solution Temperature = 22.0 G
Ferricyanide concentration =* 0.477E-05 mol/cm3 
Density = 1.0226 g/cin3 
Viscosity = 0.010630 q/cm s 










1.01 0.0 0. 1 7.9 0.0 1497.6
1.02 23. 1 2.0 103.3 963.3 1497.6
1.03 56.3 7. 1 375.0 2347.8 1497.6
1.04 80. 5 10. 9 571.6 3357.0 1497.6
1.05 92.3 12.5 655. 5 3849.1 1497.6
1.06 102.6 14.5 760.4 4278.6 1497.6
1.07 115.9 17.0 891.5 4833.3 1497.6
1.08 152. 1 20.3 1064.5 6342.9 1497.6
TABLE A6.6.4.4 I -N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 4 LAYERS OF 1.29MM GLASS
SPHERICAL PARTICLES ON THE CATHODE
DATE 13-5-bl
BATCH Batch 5 of 0.005M Potassium Ferricyanide/O.005M 
Potassium Forrocyanide/O.5M Sodium Hydroxide 
solution prepared on 22-4-81
Potential = 0.3375 V 
Solution Temperature = 21.5 C
Ferricyanide concentration = 0.477E—05 mol/cm3 
Density = 1.0229 q/cm3 
Viscosity = 0.010/43 g/cm s 










1.01 0.0 0.2 10.6 0.0 1533.1
1.02 15. 2 0.9 47.8 627. 1 1533.1
1.03 58.8 7.7 409.0 2425.9 1533.1
1.04 116.5 15.8 839.2 4 806.3 1533.1
1.05 131.0 18.0 956.0 5404.5 1533.1
1.06 161.8 21.3 1131.3 6675.2 1533.1
DATE 14-5-81
BATCH Batch 5 o-f 0.005M Potassium Ferr icyani de/O. 005M 
Potassium Ferrocyanide/O. 5M Sodium Hydroxide 
solution prepared on 22-4-81
Potential = 0.8330 V 
Solution Temperature = 18.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density - 1.0245 q/cm3 
Viscosity = 0.011619 q/crn s 










2.01 0.0 0.2 11.6 0.0 1810.4
2.02 27.3 2.9 168.5 1043.5 1810.4
2.03 40.5 4.5 264. 4 1548.1 1810.4
2.04 59. 1 6. 4 371.9 2259.0 1810.4
2.05 71.4 8.0 467.8 2729.2 1810.4
2.06 90.6 10.3 598.5 3463.1 1810.4
2.07 103. 1 12. 1 703. 1 3940.9 1810.4
2.08 115.2 13.2 767.0 4403.4 1810.4
2.09 125.5 14.8 860.0 4797.1 1810.4
2. 10 146.0 16.5 958.8 5580.7 1810.4
DATE 14-5-81
BATCH Batch 5 of 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyamde/O.5M Sodium Hydroxide 
solution prepared on 22-4—81
Potential =■* 0.8329 V 
Solution Temperature = 15.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0258 q/cm3 
Viscosity = 0.012439 q/cm s 










3.01 0.0 0.3 18.9 0.0 2093.8
5.02 18.5 1.5 94.3 661.4 2093.8
3.03 38.0 2.3 144.6 1358.5 2093.8
3. 04 68. 2 5.5 348.8 2438.2 2093.8
3. 05 89. 6 7.5 474.5 3203.2 2093.8
3. 06 113.9 9.9 625. 4 4072.0 2093.8
TABLE A6.6.5.1 IT-N DATA FOR THE ELECTROLYTIC MIXING
-----------------------   jj
CELL WITH THE PRESENCE OF 1 LAYER OF 
1.34MM' GLASS SPHERICAL PARTICLES ON 
THE CATHODE
DATE .50-1-01
DAICH Dateh 3 uf 0.005M Potassium herricyanide/O.005M 
Potassium Ferracyanide/O.5M Sodium Hydroxide 
solution prepared on 15-1-81
Potential = 1.0000 V 
Solution Temperature = 20.0 C
Ferricyanide concentration = 0.500E-05 mcil/cm3 
Density = 1.0236 y/cm3 
Viscosity - 0.011111 q/cm s 










1.01 0.0 0.5 26.3 0.0 1645.6
1.02 15.8 2.7 142. 1 631.0 1645.6
1.03 23.2 4. 7 230. 1 1006.4 1645.6
1.04 36.2 5. V 310. 6 1445.7 1645.6
1 .03 47.5 3.4 442. 2 1897.0 1643.6
1.06 60. 2 10.9 573.8 2404.2 1645.6
1.07 65. 4 1 4.0 737.0 2611.9 1645.6
1. 08 87.7 16.2 852. 9 3302.5 1643.6
1. 09 100.3 18.6 9/9.2 4003.7 1645.6
1. 10 1 14.4 21.0 1105.6 4568.8 1645.6
1.11 120.0 23.3 1226.7 5111.9 1643.6
1.12 14 3.0 25.3 1358.3 57 11. 0 1645.6
TABLE A6.6.5.2 Ir-N DATA FOR THE ELECTROLYTIC MIXING 
---------------- L
CELL WITH THE PRESENCE OF 2 LAYERS OF 
1.34MM GLASS SPHERICAL PARTICLES ON 
THE CATHODE
DATE 6-2-81
8ATLM Hatch 4 o-f 0.0051*1 Potassium Ferr i cyani de/O. 0051*1 
Potassium Ferrocyanide/0.3M Sodium Hydroxide 
solution prepared on 15-1-81
Potential = 1.0000 V 
Solution Temperature “ 20.0 C
Ferricyanide concentration - 0.500E-05 mol/cm3 
Density = 1.0236 q/cm3 
Viscosity 3 0.011111 u/cm s 










1.01 0.0 0.3 18. 4 0.0 1645.6
1.02 20. 4 1.9 100. 0 814.7 1645. t>
1.03 38.0 5.0 263.2 1517.6 1645.6
1.04 47. 1 6. 6 350. 1 1881.0 1645.6
1.05 59. 1 8.9 468. 6 2360.3 1645.6
1.06 74.3 11.6 610.7 2967.3 1645.6
1.0/ 80.3 12.8 673.9 3206.9 1645.6
1. 08 VS. H 16.0 842.3 3945.8 1 e>45. 6
1.09 116.3 18.8 989.3 4644.7 1645.6
1. 10 127.9 21 . 4 1126.6 5108.0 1645.6
1.11 139.2 23.0 1210.9 5559.2 1645.8
TABLE A6.6.5.3 IT-N DATA FOR THE ELECTROLYTIC MIXING
L i
CELL WITH THE PRESENCE OF 3 LAYERS OF 
1.34MM GLASS SPHERICAL PARTICLES ON 
THE CATHODE
DATE. 6-2-til
bAT (;H Batch 4 of 0.005M Potassium Kerri cyani de/O. 00511 
Potassium f'errucyaniUo/O. 5M Sodium Hydroxide 
solution prepared on 15-1—81
Potential - 1.0000 V 
Solution Temperature = 20.0 C
Ferricyanide concentration = 0.500E—05 mol/cm3 
Density « 1.0236 q/cm3 
Viscosity =* 0.011111 q/cra s 
Di -f f usi vi ty = 0.6596E—05 cm2/s
Run
No
St i rrer 
Speed 
(r pm)




1.01 0.0 0.2 10.5 0.0 1645.6
1.02 20. 0 1.7 89.5 798. 7 1645.6
1.03 32.8 3.3 176.4 1309.9 1645.6
1.04 44. 3 5. 2 276.4 1769.2 1645.6
1.03 62. 0 8.2 431.7 2476.1 1645.6
1.06 69.4 9.5 500. 1 2771.6 1645.6
1.0/ /6. 6 10.6 558. 1 3059.2 1645.6
1.08 83.3 11.7 616.0 3326.8 1645.6
1.0‘? 89. B 12. 7 663.6 3586.3 1645.6
1.10 104. 3 14.8 779. 2 4165.4 1645.6
1.11 114.9 16. 1 847.6 4588.8 1645.6
1.12 125. 0 17.6 926.6 4992.1 1645.6
1. 13 140. 8 20.0 1052.9 5623.1 1645.6
TABLE A6.6.5.4 I^-N DATA FOR THE ELECTROLYTIC MIXING 
CELL WITH THE PRESENCE OF 4 LAYERS OF 
1.34MM GLASS SPHERICAL PARTICLES ON 
THE CATHODE
DATE 9-2-81
BATCH batch 4 o-f 0.005M Potassium Ferr icyani de/O. 00511 
Potassium Ferrocyanide/O.3M Sodium Hydroxide 
solution prepared on 15-1-81
Potential - 1.0000 V 
Solution Temperature = 20.0 C
Ferricyanide concentration = O.SOOE—05 mol/cm3 
Density - 1.0236 q/cm3 
Viscosity » 0.011111 q/cm s 










1.01 0.0 0.3 15.8 0.0 1645.6
1.02 18.3 1.0 52.6 730.8 1645.6
1.03 31.7 2.5 131.6 1266.0 1645.6
1.04 38. 1 3.3 176. 4 1521.6 1645.6
1.05 47. 1 5.0 264.8 1881.0 1645.6
1.06 61.6 6.5 344.8 2460.1 1645.6
1.07 73.6 8.0 423.8 2939.4 1645.6
1.08 85.7 9.9 523. 8 3422.6 1645.6
1.09 92.0 10.4 347.5 3674.2 1645.6
1. 10 105. 3 12.3 647.6 4205.4 1645.6
1.11 114.7 13.2 694.9 4580.8 1645.6
1. 12 125.5 14.3 752. 8 5012.1 1645.6
1. 13 142.2 16.3 858. 1 5679.1 1645.6
TABLE A6.6.5.5 Ir-N DATA FOR THE ELECTROLYTIC MIXING ----------------- L
CELL WITH THE PRESENCE OF 5 LAYERS OF 
1.34MM. GLASS SPHERICAL PARTICLES ON 
THE CATHODE
da re i0 -2—81
DATC.H Batch 4 o+ 0.005M Potassium Ferricyanide/O.005M 
Potassium furrocyanide/O.SH Sodium Hydroxide 
solution prepared on 15-1-81
Potential - 1.0000 V 
Solution Temperature = 19.5 C
Ferricyanide concentr ation — 0.500E—05 mol/cm3 
Density = 1.0238 g/cm3 
Viscosity - 0.011235 q/cm s 










1.01 0.0 0. 3 16.0 0.0 1685.1
l.t>2 20. 9 1.4 77.3 825.6 1685.1
1.03 31. 1 2.5 133. 3 1228.6 1685.1
1.04 44. J 4.2 224.0 1742.1 1685.1
1 .05 61.9 6. 4 341.3 2445.3 1685.1
1. 06 70.2 7.4 394. 6 2773.2 1685.1
1.07 77. 2 8. 1 431. 9 3049.7 1685.1
1.08 88. 6 9.5 506. 6 3500.1 1685.1
1.09 105.6 11.3 602.6 4171.6 1685.1
1. 10 1 27. 1 13.7 730. 6 5021.0 1685.1
1.11 144. 6 15.2 810. 6 5712.3 1685.1
TABLE A6.6.5.6 Ir-N DATA FOR THE ELECTROLYTIC MIXING
----------------------  Jj
CELL WITH THE PRESENCE OF 6 LAYERS OF 
1.34MM GLASS SPHERICAL PARTICLES ON 
THE CATHODE
DA ft 10-2-81
BATCH Batch 4 of 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 15-1-81
Potential = 1.0000 V 
Solution Temperature = 19.5 C
Ferricyanide concentration = 0.500E—05 mol/cm3 
Density = 1.0238 g/cm3 
Viscosity * 0.011235 q/cm s 










1.01 0.0 0.3 16.0 0.0 1685.1
1.02 27.3 1.9 101.3 1078.5 1685.1
1.03 42.6 3.5 186. 6 1682.9 1685.1
1.04 68.0 6.2 330. 6 2686.3 1685.1
1.05 80.0 7.6 405.3 3160.3 1685.1
1.06 92.0 8.8 469. 3 3634.4 1605.1
1.07 104.3 10. 1 558. 6 4120/3 1635.1
1.08 125.0 11.9 634.6 4938.0 16S5.1
1.09 141.8 13. 1 698.6 5601.7 1685.1
TABLE A6.6.5.7 Ir-N DATA FOR THE ELECTROLYTIC MIXINGJj
CELL WITH THE PRESENCE OF 7 LAYERS OF 
1.34MM GLASS SPHERICAL PARTICLES ON 
THE CATHODE
date 10-2-ai
PATCH batch 4 of 0.Q05M Potassium Kerr i cyani de/O. 005M 
Potassium Kerrocyanide/O.5N Sodium Hydroxide 
•solution prepared on 15-1-81
Potential - 1.0000 V 
Solution Temperature = 20.0 C
Ferricyanide concentration - 0.500E—05 mol/cin3 
Density = 1.0236 q/cn>3 
Viscosity = 0.011111 g/cm s 










1.01 0.0 0. 2 10.5 0.0 1645.6
1.02 25. 8 1. 5 81. 6 1030.4 1645.6
1.03 36.6 3. 1 163.2 1461.7 1645.6
1.04 63. 4 5. 4 236. 9 2532.0 1645.6
1.05 74. 6 6.5 343.3 2979.3 1645.6
1.06 37.? 7.8 413.3 3502.5 1645.o
1.07 98.5 8.9 469. 1 3933.8 1645.6
1.08 i j 5. 4 10.5 552.8 4608.7 1645.6
1.09 130. 4 11.8 621.2 5207.8 1645.6
1. 10 1 44. 9 12. 6 663. 3 5786.9 1645.6
TABLE A6.6.6.1 IL ~N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 1 LAYER OF 1.55MM GLASS
SPHERICAL PARTICLES ON THE CATHODE
DATE 19-5-81
BATCH Batch 6 o-f O.OG5M Potassium Ferricyanide/O.005M 
Potassium Ferrocyani de/O.5M Sodium Hydroxide 
solution prepared on 22-4-81
Potential = 0.8378 V 
Solution Temperature = 18.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0245 g/cm3 
Viscosity = 0.011619 g/cm s 










1.01 0.0 0.3 15.7 0.0 1810.4
1.02 22.0 2.9 169.7 840. 9 1810.4
1.03 35.9 5.5 319.6 1372.2 1810.4
1.04 58. 2 9.5 554.9 2224.6 1810.4
1.05 86.9 14.1 819.3 3321.7 1810.4
1.06 113.2 17.5 1016.9 4326.9 1810.4
1.07 143. 4 21. 4 1243.5 5481.3 1810.4
DATE 17-11-81
BATCH E^atch 1 o-f 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9847 V 
Solution Temperature = 14.7 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0259 g/cm3 
Viscosity = 0.012525 g/cm s 










2.01 0.0 0.7 41.8 0.0 2124.8
2.02 12.2 1.4 86. 2 433.2 2124.8
2.03 22 • 5 3. 7 236. 9 799.0 2124.8
2. 04 45.3 8.3 525. 8 1608.6 2124.8
2.05 51.9 9. 7 614.5 1842.9 2124.B
2. 06 68.9 12. 6 798.3 2446.6 2124.8
2.07 84.9 15.9 1007.3 3014.7 2124.8
2. 08 98.9 18.5 1172.1 3511.9 2124.8
2.09 139.5 23.4 1482.5 4953.5 2124.8
2. 10 174. 9 35. 0 2217.4 6210.5 2124.8
DATE 17-11-81
BATCH Batch 1 of 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9946 V 
Solution Temperature * 17.5 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density * 1.0247 g/cm3 
Viscosity = 0.011751 g/cm s 
Diffusivity = 0.6184E-05 cm2/s
Run
No
St i rrer 
Sp eed 
(rpm)




3.01 0.0 0.6 38.3 0.0 1854.5
3.02 8.8 0.8 45. 9 332. 7 1854.5
3.03 16.0 3.4 200. 1 604.9 1854.5
3. 04 23.8 4.4 262.0 899.7 1854.5
3.05 26.2 5.0 294.3 990.5 1854.5
3.06 29. 1 5.3 314. 9 1100.1 1854.5
3.07 62. 8 12.5 735. 8 2374.1 1854.5
3. 08 73.2 14.5 853. 6 2767.2 1854.5
3.09 92.0 16.3 959.5 3477.9 1854.5
3. 10 100. 0 19.8 1165.6 3780.4 1854.5
3. 11 107. 1 21. 1 1242.1 4048.8 1854.5
3. 12 131.6 24.2 1424.6 4975.0 1854.5
DATE 17-11-81
BATCH Batch 1 of 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyani de/O. 5!i Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9965 V 
Solution Temperature = 18.0 C
Ferricyanide concentration « 0.477E-05 mol/cm3 
Density = 1.0245 g/cm3 
Viscosity = 0.011619 g/cm s 










4.01 0.0 0.6 34.9 0.0 1810.4
4.02 10.5 1.0 58. 1 401. 4 1810.4
4.03 24.3 4. 1 238.2 928.8 1810.4
4. 04 41.4 8. 1 470.7 1582.5 1810.4
4.05 68.2 13. 1 761.2 2606.9 1810.4
4.06 82.2 15.6 906.5 3142.0 1810.4
4.07 131.9 22.0 1278.4 5041.7 1810.4
4.08 139.5 25.0 1452.7 5332.2 1810.4
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DATE 18-11-81
BATCH E<atch 1 o-f 0.005M Potassium Ferricyani de/O. 005M 
Potassium Ferrocyanide/O. 5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9916 V 
Solution Temperature = 18.0 C
Ferricyanide concentration * 0.477E-05 mol/cm3 
Density = 1.0245 q/cm3 
Viscosity = 0.011619 g/cm s 










5.01 0.0 0.6 34.9 0.0 1810.4
5.02 7.8 0.7 41.8 298. 1 1810.4
5.03 20.2 2.9 169.7 772. 1 1810.4
5.04 28.0 4.5 264. 4 1070.3 1810.4
5.05 40.2 7.2 418. 4 1536.6 1810.4
5.06 44. 1 7.9 459.0 1685.7 1810.4
5.07 56.6 10.3 598.5 2163.5 1810.4
5.08 68.2 12.5 726.3 2606.9 1810.4
5.09 75.9 14.0 813.5 2901.2 1810.4
5. 10 96.0 17.0 987.8 3669.5 1810.4
5. 11 104.4 18.2 1057.5 3990.6 1810.4
5. 12 1 10.0 19. 7 1 144.7 4204.6 1810.4
5. 13 115.4 20.5 1191.2 4411.0 1810.4
5. 14 134. 1 22 7 1319.0 5125.8 1810.4
5. 15 142.2 24.3 1412.0 5435.4 1810.4
5.16 145. 5 25.2 1464.3 5561.6 1810.4
319
TABLE A6.6.6.2 I -N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 2 LAYERS OF 1.55MM GLASS 
 : — ------ — L
SPHERICAL PARTICLES ON THE CATHODE.
DATE 19-5-81
BATCH Batch 6 o-f 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 22-4-B1
Potential = 0.8370 V 
Solution Temperature = 17.0 C
Ferricyanide concentration ~ 0.477E-05 mol/cm3 
Density = 1.0250 g/cm3 
Viscosity - 0.011885 q/cm s 
Di f-f usi vi ty = 0.6104E-05 cm2/s
DATE 21-5-81
BATCH Batch 6 o-f 0. 005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 22-4-81
Potential = 0.8321 V 
Solution Temperature = 18.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0245 g/cm3 
Viscosity = 0.011619 q/cm s 










1.01 0.0 0.3 20.9 0.0 1899.7
1.02 15. 4 2.0 122.3 575.8 1899.7
1.03 36. 4 4.5 268. 4 1360.9 1899.7
1.04 60. 6 8.0 477. 1 2265.6 1899.7
1.05 90.9 12.9 769.3 3398.4 1899.7










2.01 0.0 0.5 29. 1 0.0 1810.4
2.02 10.7 0.8 46.5 409.0 1810.4
2.03 20.9 2.4 140.6 798.9 1810.4
2.04 33.9 4.6 270.2 1295.8 1810.4
2.05 57. 1 8.4 491.0 2182.6 1810.4
2.06 66.3 10.5 610. 1 2534.2 1810.4
2.07 71.4 11.4 662. 4 2729.2 1810.4
2.08 89.6 14. 1 819. 3 3424.9 1810.4
2.09 112.5 18.2 1057.5 4300.2 1810.4
2. 10 125.9 20.2 1173.8 4812.4 1810.4
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DATE 18-11-81
BATCH Batch 1 o-f 0.005M Potassium Ferri cyani de/O. 005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9952 V 
Solution Temperature = 19.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0241 q/cm3 
Viscosity =* 0.011361 g/cm s 










3.01 0.0 0.3 19.8 0.0 1725.8
3. 02 8. 4 0.7 39.6 328.2 1725.8
3.03 33.0 4.8 271.8 1289.4 1725.8
3.04 51.3 8. 7 492.6 2004.5 1725.8
3.05 62.5 10.8 611.5 2442.1 1725.8
3.06 75.0 13.4 758.7 2930.6 1725.8
3.07 93.0 15.5 877.7 3633.9 1725.3
3.08 111.1 19.2 1087.2 4341.1 1725.8
3.09 125.9 20. 3 1149.4 4919.4 1725.8
DATE 19-11-81
BATCH Batch 1 o-f 0.005M Potassium Ferricyanide/O. 005M 
Potassium Ferrocyanide/0. 5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9927 V 
Solution Temperature = 17.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0250 q/cm3 
Viscosity 3 0.011885 g/cm s 










4.01 0.0 0.3 17.9 0.0 1899.7
4.02 20.3 2. 1 126.4 758.9 1899.7
4.03 27.7 3.9 231. 4 1035.6 1899.7
4.04 57. 1 9.6 575. 5 2134.8 1899.7
4.05 67. 4 11.0 656.0 2519.9 1899.7
4.06 79.5 13.5 805. 1 2972.2 1899.7
4.07 89. 6 15.3 912.5 3349.8 1899.7
4.08 108. 1 17.7 1055.6 4041.5 1899.7
DATE 19— 11—81
BATCH Batch 1 o-f 0. 005M Potassium Ferr i cyani de/O. 005M 
Potassium Ferrocyanide/O. 5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9965 V 
Solution Temperature = 18.0 C
Ferricyanide concentration = 0.477E-05 mol/cm-3 
Density = 1.0245 q/cm3 
Viscosity = 0.011619 g/cm s 
Di-f-fusivity = 0.6264E-05 cm2/s
Run
No
St i rrer 
Speed 
(rpm)




5.01 0.0 0.3 15.7 0.0 1810.4
5. 02 14.4 1.2 72.6 550. 4 1810.4
5.03 30. 9 4.5 262.6 1181.1 1810.4
5.04 60. 0 9. 4 549. 1 2293.4 1810.4
5.05 62.8 10. 1 586. 9 2400.5 1810.4
5.06 65. 2 10. 6 615.9 2492.2 1810.4
5.07 73.6 12.3 714. 7 2G13.3 1810.4
5. 08 83.3 13.7 796. 1 3184.1 1810.4
5.09 93. 8 15.3 889.0 3535.4 1810.4
5. 10 112. 7 18.2 1057.5 4307.8 1810.4
5. 11 119. 4 19. 7 1144.7 4563.9 1810.4
DATE 19-11-81
BATCH Batch 1 of 0.005M Potassium Ferricyanide/0.005M 
Potassium Ferrocyanide/0. 5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9971 V 
Solution Temperature = 18.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0245 q/cm3 
Viscosity = 0.011619 q/cm s 










6.01 0.0 0.4 20.9 0.0 1810.4
6.02 7.3 0. 4 25.6 279.0 1810.4
6.03 17.4 1.8 107.5 665. 1 1810.4
6.04 42.3 6.6 383.5 1616.9 1810.4
6.05 55. 0 9.3 540. 4 2102.3 1810.4
6. 06 65. 2 10.8 627.6 2492.2 1810.4
6.07 75.0 12.7 738.0 2866.8 1810.4
6.08 83.9 14.6 848. 4 3207.0 1810.4
6.09 99. 4 17. 1 993.6 3799.5 1810.4
6. 10 1 15. 4 19.5 1133.1 4411.0 1810.4
6. 11 124.3 20.7 1202.8 4751.2 1810.4
6. 12 133.3 21.5 1249.3 5095.3 181 0. 4
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TABLE A6.6.6.3 I -N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF. 3 LAYERS OF 1.55MM GLASS 
-------------  L
SPHERICAL PARTICLES ON THE CATHODE
DATE 21-5-81
DATCH Batch 6 of 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 22-4-81
.Potential = 0.8373 V 
Solution Temperature = 19.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0241 g/cm3 
Viscosity - 0.011361 q/cm s 










1.01 0.0 0.3 17.0 0.0 1725.8
1.02 !25 • 3 2. 7 152.9 988.6 1725.8
1.03 35. 7 4. 1 235.0 1394.9 1725.8
1.04 68.2 9.2 523.8 2664.9 1725.8
1.05 86. 3 12. 1 685. 1 3372.1 1725.8
1.06 92.8 13.3 753. 1 3626.1 1725.8
1.07 104.0 14.7 832.4 4063.7 1725.8
1.08 124. 1 18.0 1019.2 4849.1 1725.8
DATE 1-12-81
EtATCH E<atch 2 o-f 0.005M Potassium Ferricyani de/0. 005M 
Potassium Ferrocyanide/0. 5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential =* 0.9920 V 
Solution Temperature = 18.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0245 g/cm3 
Viscosity = 0.011619 g/cm s 










2.01 0.0 0.3 20.3 0.0 1810.4
2.02 27.8 3. 6 209.2 1062.6 1810.4
2.03 49.0 7. 1 415.5 1873.0 1810.4
2. 04 58.8 9.0 521.2 2247.6 1810.4
2.05 69.8 11.5 668.2 2668.0 1810.4
2. 06 84.5 13.3 772.8 3229.9 1810.4
2.07 102.2 16.0 929. 7 3906.5 1810.4
2.08 119.0 18.3 1063.4 4548.6 1810.4
2.09 138.7 21. 1 1226.1 5301.7 1810.4
DATE 1-12-81
BATCH Batch 2 of 0.005M Potassium Ferr i cyani de/O. 005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9992 V 
Solution Temperature = 18.0 C
P'err icyani de concentration =* 0.477E-05 mol/cm3 
Density = 1.0245 g/cm3 
Viscosity = 0.011619 g/cm s 










3.01 0.0 0.3 19.2 0.0 1810.4
3.02 13.3 1.5 90. 1 508. 4 1810.4
3.03 23.0 3.0 174.3 909. 7 1810.4
3.04 29. 4 3.5 203. 4 1123.8 1810.4
3.05 52.2 7.6 441.6 1995.3 1810.4
3.06 59. 4 9.4 549. 1 2270.5 1810.4
3.07 75.3 12.0 697.3 2878.3 1810.4
3.08 88.2 14.4 836.7 3371.4 1810.4
3.09 99. 4 15.7 912.3 3799.5 1810.4
3. 10 124.6 19.3 1121.5 4762.7 1810.4
DATE 2-12-81
BATCH Batch 2 of 0. 00511 Potassium Ferr i cyani de/0.005M 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9916 V 
Solution Temperature = 14.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density * 1.0262 g/cm3 
Viscosity =* 0.012728 g/cm s 










4.01 0.0 0.4 24.5 0.0 2199.1
4.02 9.3 0.8 49.7 325. 0 2199.1
4.03 16.4 1. 4 93.6 573.2 2199.1
4.04 28.8 3.0 196.8 1006.6 2199.1
4.05 53. 6 7.0 450.5 1873.4 2199.1
4.06 62.5 8.3 538. 9 2184.4 2199.1
4.07 70.6 9. 8 635. 7 2467.5 2199. 1
4.08 75.9 11.2 722.9 2652.8 2199. 1
4.09 92.3 12.8 826. 1 3226.0 2199. 1
4. 10 101. 1 14. 1 910.0 3533.5 2199. 1
4. 11 107.8 14.8 955.2 3767.7 2199.1
4. 12 113.7 15.5 1000.4 3973.9 2199.1
4. 13 121.8 16.7 1077.8 4257.0 2199.1
4. 14 138.2 18.3 1181.1 4830.2 2199.1
4. 15 131.6 13.9 1219.8 4599.5 2199. 1




DATCH E-tatch 2 o-f 0. OOSM Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9950 V 
Solution Temperature = 14.0 C
Ferricyanide concentration ■ 0.477E-05 mol/cm3 
Density = 1.0262 g/cm3 
Viscosity = 0.012728 q/cm s 










5.01 0.0 0. 3 16.8 0.0 2199.1
5. 02 13.9 1. 1 71.0 485.8 2199.1
5.03 20. 0 2. 1 138.8 699.0 2199.1
5. 04 37.5 4.3 279.5 1310.7 2199. 1
5.05 60.0 8. 4 545.4 2097.1 2199.1
5.06 77. 9 10.8 697.0 2722.7 2199.1
5.07 106.2 14.0 903.6 3711.8 2199. 1
5. 08 117.6 16.4 1058.5 4110.2 2199.1
5.09 134.5 18.6 1200.5 4700.9 2199.1
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TABLE A6.6.6.4 Ir-N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 4 LAYERS OF 1.55MM GLASS
L
SPHERICAL PARTICLES ON THE CATHODE
DATE 21-5-81
BATCH Batch 6 of 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyani de/O. Sti Sodium Hydroxide 
solution prepared on 22-4-81
Potential * 0.8389 V 
Solution Temperature = 20.0 C
Ferricyanide concentration * 0.477E-05 mol/cm3 
Density = 1.0236 g/cm3 
Viscosity = 0.011111 q/cm s 
Diffusivity * 0.6596E—05 cm2/s
DATE 2-12-81
BATCH Batch 2 of 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential «= 0.9960 V 
Solution Temperature = 18.0 C
Ferricyanide concentration * 0.477E-05 mol/cm3 
Density = 1.0245 g/cm3 
Viscosity = 0.011619 g/cm s 










1.01 0.0 0.4 22. 1 0.0 1645.6
1.02 12. 4 1. 4 77.3 495.2 1645.6
1.03 51.7 6.6 365. 3 2064.7 1645.6
1.04 61.2 8. 7 480. 1 2444.1 1645.6
1.05 85. 1 12.0 662.2 3398.6 1645.6
1. 06 106.5 15.3 844.3 4253.3 1645.6










2.01 0.0 0.3 16.3 0.0 1810.4
2.02 47.6 7.6 441.6 1819.5 1810.4
2.03 63.5 9.8 569.4 2427.2 1810.4
2.04 81. 1 13.0 755.4 3100.0 1810.4
2.05 85. 1 13.8 801.9 3252.9 1810.4
2.06 94.2 15. 1 877.4 3600.7 1810.4
2.07 100.4 15.9 923.9 3837.7 1810.4
2. 08 104.9 16.6 964.6 4009.7 1810.4
2.09 112.4 17.8 1034.3 4296.4 1810.4
2. 10 119.0 18.9 1098.2 4548.6 1810.4
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L'ATE 2-12-31
BATCH Batch 2 o f 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9960 V 
Solution Temperature = 19.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0241 g/cm3 
Viscosity = 0.011361 g/cm s 










3.01 60. 0 10.7 605.9 2344.4 1725.8
3. 02 70. 5 11.1 628.5 2754.7 1725.8
3. 03 84.2 13.6 770. 1 3290.0 1725.8
3.04 89. 1 14.4 815. 4 3481.5 1725.8
3.05 101.4 16.5 934. 3 3962.1 1725.8
3.06 106. 4 16. 7 945.6 4157.5 1725.8
3.07 115. 5 17. 7 1002.2 4513.1 1725.8
DATE 2-12-81
BATCH Batch 2 of 0.005M Potassium Ferricyanide/0.OOSM 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9960 V 
Solution Temperature = 19.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0241 g/cm3 
Viscosity * 0.011361 g/cm s 










4.01 88.9 14.3 809. 7 3473.7 1725.8
4.02 89.6 14.6 826.7 3501.0 1725.8
4.03 94.7 15.0 849.3 3700.3 1725.8
4.04 100. 4 16.3 923. 0 3923.0 1725.8
4.05 107.5 17.2 973.9 4200.5 1725.8
4.06 115.4 18. 2 1030.5 4509.1 1725.8
4.07 119.5 18. 8 1064.5 4669.3 1725.8
4.08 124. 1 19.2 1087.2 4849.1 1725.8
DAIE 2-12-81
BATCH E<atch 2 of 0.005M Potassium Ferri cyani de/O. OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential » 0.9960 V 
Solution Temperature = 19.0 C
Ferricyanide concentration = 0.477E—05 mol/cm-3
Density = 1.0241 g/cm3 
Viscosity = 0.011361 g/cm s 
Diffusivity = 0.6429E-05 cm2/s
Run
No
St i rrer 
Speed 
(rpm)




5.01 56.6 9.3 526.6 2211.6 1725.8
5.02 72.7 12.0 679.5 2840.7 1725.8
5.03 91. 4 14.6 826.7 3571.4 1725.8
5.04 109.7 17.2 973.9 4286.4 1725.8
DATE 2-12-81
BATCH Batch 2 of 0.005M Potassium Ferricyanide/0.OOSM 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9960 V 
Solution Temperature = 20.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0236 g/cm3 
Viscosity = 0.011111 g/cm s 










6.01 9.5 1.3 71.7 379.4 1645.6
6.02 28.5 3.4 187.6 1138.2 1645.6
6.03 60.6 9.6 529.8 2420.2 1645.6
6.04 74. 1 11.7 645.7 2959.3 1645.6
6.05 90.0 14.5 800.2 3594.3 1645.6
6.06 95.2 15.6 860.9 3802.0 1645.6
6.07 112. 1 17.8 982.3 4476.9 1645.6
6.08 127.6 19.2 1059.5 5096.0 1645.6
6.09 153.2 20.5 1131.3 6118.4 1645.6
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TABLE A6.6.6.5 I -N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 5 LAYERS OF 1.55MM GLASS
SPHERICAL PARTICLES ON THE CATHODE
DATE 3-12-81
BATCH Batch 2 o-f 0.005M Potassium Ferri cyani de/O. OOSM 
Potassium Ferrocvanide/O.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9910 V 
Solution Temperature = 19.0 C
•Ferricyanide concentration * 0.477E-05 mol/cm3 
Density = 1.0241 g/cm3 
Viscosity = 0.011361 g/cm s 
Di-f-f usi vi ty = 0. 6429E-05 cm2/s
DATE 3-12-81
BATCH Batch 2 o-f 0.005M Potassium Ferr l cyani de/O. 005M 
Potassium Ferrocyanide/O. 5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9910 V 
Solution Temperature = 19.0 C
Ferricyanide concentration * 0.477E-05 mol/cm3 
Density - 1.0241 g/cm3 
Viscosity = 0.011361 g/cm s 










1.01 0.0 0.3 17.0 0.0 1725.8
1.02 14.2 1.5 86. 1 554.9 1725.8
1.03 23. 8 2.5 141.6 930. 0 1725.8
1.04 38.0 5. 0 283. 1 1484.8 1725.8
1.05 50. 8 7.2 410.5 1985.0 1725.8
1.06 61.9 9. 2 520.9 2418.7 1725.8
1.07 68. 2 10.3 503.2 2664.9 1725.8
1.08 77.9 11.8 668.2 3043.9 1725.8
1.09 82.6 12.5 707.8 3227.5 1725.8
1. 10 94.2 14. 1 798.4 3680.8 1725.8
1.11 102.9 15.4 872.0 4020.7 1725.8
1. 12 1 10.0 16.7 945.6 4298.1 1725.8
1. 13 119.0 17.5 990.9 4649.8 1725.8
1. 14 123.5 17.7 1002.2 4825.6 1725.8










2.01 75.5 11.7 662.5 2950.1 1725.8
2. 02 89. 1 13. 6 770. 1 3481.5 1725.8
2.03 106.0 15.7 889.0 4141.8 1725.8
2.04 114.9 17.3 979.6 4489.6 1725.8
2.05 120.5 18. 1 1024.9 4708.4 1725.8
2. 06 125.6 18.8 1064.5 4907.7 1725.8
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DATE 3-12-81
HATCH Batch 2 o-f 0.0051*1 Potassium Ferr icyani de/0.0051*1 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential * 0.9910 V 
Solution Temperature = 19.0 C
.Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0241 g/cm3 
Viscosity = 0.011361 g/cm s 
Di f-f usi vi ty = 0. 6429E-05 cm2/s
Run
No
St i rrer 
Speed 
(rpm)




3.01 27. 4 3. 1 175.5 1070.6 1725.8
3. 02 !->6 • 3 8.0 453.0 2199.9 1725.8
3.03 69.8 10.4 588. 9 2727.4 1725.8
3. 04 77.2 11.7 662.5 3016.5 1725.8
3.05 91.8 12.9 730. 4 3587.0 1725.8
3. 06 97. 3 14.9 843. 7 3801.9 1725.8
3.07 104.0 15.6 883. 3 4063.7 1725.8
3.08 107.8 16.4 928.6 4212.2 1725.a
3.09 115.4 17.3 979.6 4509.1 1725.8
3. 10 1 18. 4 17.7 1002.2 4626.4 1725.8
3. 11 128. 6 18.4 1041.9 5024.9 1725.8
DATE 3-12-81
BATCH Efatch 2 o-f 0.005M Potassium Ferr i cyani de/0. OOSM 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential = 0.9910 V 
Solution Temperature = 20.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density ■ 1.0236 g/cm3 
Viscosity = 0.011111 g/cm s 










4.01 48. 8 7.0 386. 3 1948.9 1645.6
4.02 70. 0 10.5 579.4 2795.6 1645.6
4.03 75.6 11.5 634. 6 3019.2 1645.6
4.04 84.9 12. 9 711.9 3390.7 1645.6
4. 05 85. 7 13.0 717. 4 3422.6 1645.6
4.06 88.2 13.5 745.0 3522.5 1645.6
4. 07 90.5 13.6 750.5 3614.3 1645.6
4.08 97.3 15. 1 833.3 3885.9 1645.6
4.09 97.8 14.9 822. 3 3905.8 1645.6
4. 10 98.9 15.4 847.8 3949.8 1645.6
4. 11 103. 4 15.9 877. 4 4129.5 1645.6
4. 12 107. 1 16.6 916. 1 4277.3 1645.6
4. 13 109. 1 16.6 916. 1 4357.1 1645.6
4.14 110.4 17. 1 943.7 4409.1 1645.6
4. 15 116. 1 17.8 982.3 4636.7 1645.6
4. 16 120.8 17.9 987.8 4824.4 1645.6
4. 17 125.9 18.7 1032.0 5020.1 1645.6
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TABLE A6.6.6.6 IT -N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 6 LAYERS OF 1.55MM GLASS
L
SPHERICAL PARTICLES ON THE CATHODE
DATE 8-12-81
BA1CH Patch 2 of 0.005M Potassium Ferricyanide/O.OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 16-11—81
Potential = 0.9924 V 
Solution Temperature = 19.0 C
Ferricyanide concentration = 0.477E—05 mol/cm3 
Density = 1.0241 g/cm-3 
Viscosity » 0.011361 q/cm s 
L'i+fusivitv = O.6429E-05 cm2/s
DATE 8-12-01
DATCH Batch 2 o-f 0.005M Potassium Ferri cyanide/0. OOSM 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 16-11-81
Potential * 0.9924 V 
Solution Temperature = 19.0 C
Ferricyanide concentration * 0.477E-0S mol/cm3 
Density * 1.0241 g/cm3 
Viscosity » 0.011361 g/cm s 










1.01 0. 0 0.3 1 7.0 0.0 1725.8
1.02 26.8 2.9 164.2 1047.2 1725.8
1.03 54. 5 7.3 413.3 2129.5 1725.8
1 . 04 56. 1 7.5 424. 7 2192.1 1725.8
1.05 62.5 8.6 487.0 2442.1 1725.8
1. 06 74. 1 10. 8 61 1.5 2895.4 1725.8
1.07 90.9 13.0 736. 1 3551.8 1725.8
1.08 100. 8 13.8 781. 4 3938.7 1725.8
1.09 104.3 14.3 809.7 4075.4 1725.8
1. 10 114.6 15.7 889.0 4477.9 1725.8
1.11 122. 4 16.9 956.9 4782.7 1725.8
1. 12 128.3 17.3 979.6 5013.2 1725.8










2.01 53. 1 7.4 419.0 2074.8 1725.8
2.02 60.0 8. 0 453.0 2344.4 1725.8
2.03 67.4 9. 1 515.3 2633.6 1725.8
2.04 71.4 9.9 560.6 2789.9 1725.8
2.05 81.6 11.3 639.8 3188.4 1725.8
2. 06 96.8 13.5 764. 4 3782.4 1725.8
2.07 108. 1 14.8 838.0 4223.9 1725.8
2.08 112. 1 15.7 889.0 4380.2 1725.8
2.09 113.5 15. 7 809. 0 4434.9 1725.8
2. 10 119.2 16.3 923.0 4657.6 1725.8
2. 11 135. 1 19.3 1092.8 5278.9 1725.8
2. 12 138.5 17.5 990.9 5411.8 1725.8
TABLE A6.6.7.1.1 I -N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 1 LAYER OF 3MM'GLASS
























1.01 1.0730 29.9 5.0 20.0 0.477E-05 1.0236 0.01111 0.660E-05 278.2 1194.1 1645.6
1.02 1.0608 66.3 11.7 20.0 0.477E-05 1.0236 0.01111 0.660E-05 645.7 2647.8 1645.6
1.03 1.0228 85.9 15.5 21.0 0.477E-05 1.0231 0.01087 0.677E-05 833.8 3505.8 1569.6
1.04 1.0248 123.4 23.8 21.0 0.477E-05 1.0231 0.01087 0.677E-05 1280.4 5036.3 1569.6
1.05 0.9890 175.4 34.0 21.0 0.477E-05 1.0231 0.01087 0.677E-05 1829.1 7158.6 1569.6
1.06 1.0360 200.0 38.5 21.0 0.477E-05 1.0231 0.01087 0.677E-05 2071.2 8162.6 1569.6
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TABLE A6.6.7.1.2 IT -N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 1 LAYER OF 3MM GLASS
L
SPHERICAL PARTICLES ON THE CATHODE 'OBTAINED FROM SEVERAL RUNS
OAfE is-2-ai
BATCH Hatch 5 of O.OOSM Potassium Ferricyanide/O.OOSM 
Potassium Ferrocyanide/O.SM Sodium Hydroxide 
solution prepared on 15-1--81
Potential 13 1.0000 V 
Solution Temperature =* 19.5 C
Ferricyamde concentration - 0.500E-05 mol/cm3 
LVnsi ty - 1.0238 q/cm3 
Viscosity = 0.011235 g/cm s 
Ui f f u’ji vi ty — 0.6S12E—05 cm2/s
DATE 29-4-81
BATCH Batch 2 of O.OOSM Potassium Ferricyanide/0.OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 22*4-81
Potential =* 0.8410 V 
Solution Temperature = 14.0 C
Ferricyamde concentration = 0.477E—05 mol /cmJ 
Density * 1.0262 g/cm3 
Viscosity = 0.012728 q/cm s 
Diffusivity - 0.5640E-05 cm2/s
Pun Stirrer Limiting Sh Re Sc
Ho Speed Current
irpm) (mA>
.01 0.0 0. 3 18.7 0.0 1685.1
. 02 24. 5 5.5 293.3 967. 8 1685.1
. 03 34. 9 7.8 4 18.6 1378.7 1685.1
. 04 48. 0 11.0 586. 6 1927.8 1681.. 1
.05 62.5 14.0 746.6 2469.0 1685.1
. 06 79. 7 17.8 949. 2 3148.5 1685.1
.07 93.2 20.9 1114.5 3681.8 1685.1
. 08 107. 1 24. 3 1295.8 4230.9 1685.1
.09 123.o 27. 7 1477.2 4859.0 1685.1
. 10 135. 1 30. 7 1637.1 5337.0 1685.1
. 1 1 153.8 35.0 1866.4 6075.7 1685.1
. 12 175. 4 39.5 2106.4 6929.0 1685.1
. 13 186. 1 42.2 2250.4 7351.7 1685.1
Run
No







2.01 0.0 0.7 47. 8 0.0 2199.1
2.02 8.2 2. 1 135.5 286. 6 2199. 1
2.03 27.7 6. 1 393. 7 968. 1 2199.1
2.04 58.3 10.6 684. 1 2037.6 2199. 1
2.05 101.5 16. 2 1045.6 3547.5 2199.t
2. 06 127. 1 18.7 1204.3 4442.3 2199.1
2.07 148. 1 20. 3 1310.2 5176.2 2199.1
2.08 175. 3 23. 8 1536.1 6126.9 2199.1
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DATE 5-5-81
BATCH Batch 4 o-f 0.0O5M Potassium Ferr icyani de/O. OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 22-4-81
Potential « 0.0413 V 
Solution temperature = 16.0 C
Ferricyamde concentration = 0.477E—05 mol/cm3 
Density = 1.025*4 q/cm3 
Viscosity * 0.012158 g/cm s 
Di-ffusivity = O.S946E-OS cm2/s
Run
No
St i rrer 
Speed 
(rpm)




3.01 0.0 0. 4 24.5 0.0 1994.1
3.02 9.6 1. 6 96. 1 351 .0 1994.1
3. 03 34. 7 6.8 419. 4 1268.7 1994.1
3. 04 50. 8 10.2 624. 5 1857.4 1994.1
3. 05 70. 4 13.3 814.2 2574.0 1994.1
3. 06 89. 6 16. 7 1022.4 3276.0 1994.1
3.07 1 10.7 20.5 1255.0 4047. 4 1994.1
3. 08 134.8 24.3 1487.7 4928.6 1994.1
3.09 148.5 27.7 1695.8 5429.5 1994.1
3. 10 177.3 - 31.7 1940.7 6482.5 1994.1
3. 11 199.3 35.0 2142.7 7286.0 1994.1
3. ll- 238.0 39.5 2418.2 8701.8 1994.1
DATE 24-7-81
BATCH Batch 6 o-f O.OOSM Potassium Ferr i cyani de/O. OOSM 
Potassium Ferrocvanide/O. 5M Sodium Hydroxide 
solution prepared on 27-5-81
Potential = 0.8414 V 
Solution Temperature = 14.0 C
Ferricyanide concentration = 0.497E-05 mol/cm3 
Density — 1.0262 q/cm3 
Viscosity = 0.012/28 q/cm s 










4.01 0.0 0. 2 14. 1 o • o 2199.1
4. 02 63. 6 12.3 761. 9 2222.9 2199.1
4.03 73.5 14.3 885.8 2568.9 2199.1
4.04 09.7 17.5 1084.0 3135.1 2199.1
4.05 115.8 21.7 1344.2 4047.3 2199.1
4. 06 153. 1 29.0 1796.4 5351.0 2199.1
4.07 178.6 32.6 2019.4 6242.2 2199.1
4. 08 200.0 36.8 2279.5 6990.2 2199.1
4.09 223.0 40.3 2496.3 7794.1 2199.1
4. 10 256. 4 45. 4 2812.2 8961.4 2199.1






PATCH Liatch 1 of 0.005M Potassium Ferri cyani de/O. OOSM 
Potassium Fer rocyan i de/O. 5M Sodium Hydroxide 
solution prepared on 24-9-81
Potential = 1.0010 V 
Solution lemperature = 18.0 C
Ferricyamde ccncentr at l on = 0.500E-05 mol/cm3 
Density = 1.0245 q/cm3 
Viscosity = 0.011619 q/cm s 










5.01 0.0 0.5 26. 6 0.0 1810.4
5. 02 19.7 5.3 296.6 753.0 1810.4
5.03 27.0 7.2 399. 1 1032.0 1310.4
5. 04 59. 7 16.0 086. 9 2282.0 1810.4
5. 05 . 7 18.0 997.8 2511.3 1810.4
S. 06 86. 5 23. 4 1297.2 3306.4 1810.4
5.07 108. 7 28. 7 1591.0 4154.9 1810.4
5.00 121.3 32 • 2 1785.0 4636.6 1810.4
5.09 144.9 33.5 2134.2 5538.6 1810.4
5. 10 171.9 45. 1 2500.1 6570.7 1810.4
5. 1 1 189. 3 49. 4 2733.4 7235.8 1810.4
5. 12 217.9 56.5 3132.0 8329.0 101O.4
DATE 28-9-81
BA1CH Hatch 1 of 0.005M Potassium Ferricyanide/0.OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 24-9—81
Potential = 0.9965 V 
Solution Temperature = 17.0 C
Ferricyanide concentration = 0.500E-05 mol/cm3 
Density ■ 1.0250 g/cm3 
Viscosity * 0.011885 g/cm s 










6.01 0.0 0.4 22.8 0.0 1899.7
6.02 27.0 6.9 392.6 1009.4 1899.7
6. 03 34.5 9. 7 551.9 1289.8 1999.7
6.04 64.6 16.7 950.2 2415.2 1899.7
6.05 71.8 18.3 1041.2 2684.4 1899.7
6. 06 86. 1 21. 8 1240.3 3219.0 1899.7
6. 07 100. 5 25. 2 1433.8 3757.4 1899.7
6.08 114.4 28.3 1610.1 4277.0 1899.7
6.09 138.2 34. 6 1968.6 5166.8 1899.7
6. 10 157.9 39.3 2236.0 5903.4 1899.7
6. 1 1 173.4 42. 6 2423.8 6482.9 1899.7
6. 12 195. 4 47.7 2713.9 7305.4 1899.7
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TABLE A6.6.7.2 I ^ N  DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 2 LAYERS OF 3MM GLASS
SPHERICAL PARTICLES ON THE CATHODE
DATE 18-2-81
BATCH Batch 5 o-f 0.0051*1 Potassium Ferri cyanide/0.00511 
Potassium Ferrocyanide/O.5(1 Sodium Hydroxide 
solution prepared on 15-1-81
Potential = 1.0000 V 
Solution Temperature = 19.5 C
Ferricyanide concentration = 0.500E—05 mol/cm3 
Density = 1.0238 g/cm3 
Viscosity = 0.011235 g/cm s 
Di -f 4usi vi ty = 0.6512E-05 cm2/s
DATE 5-5-81
BATCH Batch 4 o-f 0.005M Potassium Ferr i cyani de/O. 0051*1 
Potassium Ferrocyam de/O. 51*1 Sodium Hydroxide 
solution prepared on 22-4-81
Potential = 0.8421 V 
Solution Temperature = 17.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0250 g/cm3 
Viscosity = 0.011885 g/cm s 










1.01 0.0 0.3 16.0 0.0 1685.1
1.02 26. 5 5.5 293.3 1046.9 1685.1
1.03 34.3 7. 1 378.6 1355.0 1685.1
1. 04 44. 8 9.5 506.6 1769.8 1685.1
1. 05 61.4 12.7 677.3 2425.5 1685.1
1.06 76. 4 15.6 831.9 3018.1 1685.1
1.07 94.3 19.2 1023.9 3725.2 1685.1
1. 08 1 10.5 22.0 1173.2 4365.2 1685.1
1.09 119.3 23.8 1269.2 4712.8 1685.1
1.10 133.0 26.4 1407.8 5254.0 1685.1
1.11 152.7 30.5 1626.5 6032.3 1685.1
1. 12 157.9 32. 1 1711.8 6237.7 1685.1
1. 13 168.5 35. 6 1898.4 6656.4 1685.1
1 . 14 177.0 36.0 1919.8 6992.2 1685.1










2.01 0.0 0.3 18.5 0.0 1899.7
2.02 20.4 4.0 236.8 762.7 1899.7
2.03 60.0 10.6 632.2 2243.2 1899.7
2.04 75.0 12.9 769.3 2804.0 1899.7
2.05 107.6 18.9 1127.2 4022.8 1899.7
2.06 145.2 24.2 1443.3 5428.5 1899.7
2.07 158.7 26.3 1568.5 5933.3 1899.7
2.08 179. 6 29.8 1777.2 6714.6 1899.7
2.09 212.0 35. 1 2093.3 7926.0 1899.7
2. 10 223.9 37.5 2236.5 8370.9 1899.7
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DATE 28-7-81
BATCH Batch 6 o-f 0.005M Potassium Ferr i cyan i de/O. 0051*1 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 27-5-81
Potential = 0.8362 V 
Solution Temperature = 16.0 C
Ferricyanide concentration » 0.497E-05 mol/cm3 
Density = 1.0254 g/cm3 
Viscosity =* 0.012158 g/cm s 
Di -f -f usi vi ty = 0.5946E-05 cm2/s
Run
No
St i rrer 
Speed 
(rpm)




3.01 0.0 0.3 17.0 0.0 1994. 1
3.02 33. 3 6.4 374.9 1217.5 1994. 1
3. 03 55.5 10.4 611.1 2029.2 1994.1
3. 04 94. 7 15.9 934. 2 3462.4 1994.1
3.05 150. 0 23.6 1386.7 5484.3 1994. 1
3.06 169.0 25.8 1515.9 6179.0 1994. 1
3. 07 192.3 29. 7 1745.1 7030.9 1994. 1
3. 08 216.6 33. 0 1939.0 7919.4 1994. 1
DATE 28-9-81
BATCH Batch 1 o-f 0. 005(1 Potassium Ferr i cyani de/0. 00511 
Potassium Ferrocyanide/0. 5(1 Sodium Hydroxide 
solution prepared on 24-9-81
Potential = 0.9965 V 
Solution Temperature = 16.5 C
Ferricyanide concentration = 0.500E-05 mol/cm3 
Density = 1.0252 g/cm3 
Viscosity = 0.012020 g/cm s 










4.01 0.0 0.3 18. 4 0.0 1946.3
4.02 18. 1 5. 1 294.0 669.2 1946.3
4.03 34.0 9.2 533.2 1257.1 1946.3
4.04 58.5 15. 1 870.4 2162.9 1946.3
4.05 103.4 25. 7 1481.5 3823.0 1946.3
4. 06 127. 4 31.5 1815.8 4710.3 1946.3
4.07 145.9 35. 7 2057.9 5394.3 1946.3
4.08 167. 1 41.0 2363.4 6178.2 1946.3
4. 09 192.9 46. 5 2680.5 7132.1 1946.3
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DATE 1-10-81
BATCH Batch 1 of 0.005M Potassium Ferricyanide/O.OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 24-9-81
Potential = 0.9975 V 
Solution Temperature = 21.0 C
Ferricyanide concentration “ 0.500E—05 mol/cm3 
Density = 1.0231 g/cm3 
Viscosity = 0.010867 g/cm s 










5.01 0.0 0.4 19.5 0.0 1569.6
5.02 60.5 16.0 821. 1 2469.2 1569.6
5.03 100. 3 25.9 1329.1 4093.6 1569.6
5.04 126. 3 32.0 1642.1 5154.7 1569.6
5.05 153. 5 38.0 1950.0 6264.8 1569.6
5.06 182. 9 45.7 2345.2 7464.7 1569.6
5.07 198.6 50.2 2576.1 8105.5 1569.6
DATE 2-10-81
BATCH Batch 1 of 0.005M Potassium Ferricyanide/0.OOSM 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 24-9-81
Potential = 0.9983 V 
Solution Temperature = 15.0 C
Ferricyanide concentration = 0.500E—05 mol/cm3 
Density =* 1.0258 g/cm3 
Viscosity = 0.012439 g/cm s 
Diffusivity = 0.5791E-05 cm2/s
Run
No







6.01 0.0 0.4 22.8 0.0 2093.8
6.02 7.3 1.7 104.9 261.0 2093.8
6.03 26.2 5.7 341.8 936.7 2093.8
6.04 35.2 7.9 473.7 1258.4 2093.8
6.05 49. 4 10.5 629.6 1766.1 2093.8
6. 06 65.2 13.7 821.5 2330.9 2093.8
6.07 99.8 20.0 1199.3 3567.9 2093.8
6.08 117.6 23.7 1421.1 4204.2 2093.8
6.09 149. 2 31.6 1894.8 5333.9 2093.8
6. 10 160.0 34.2 2050.7 5720.0 2093.8
6. 11 186.9 40.5 2428.5 6681.7 2093.8
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TABLE A6.6.7.3 I ^ N  DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 3 LAYERS OF 3MM GLASS
SPHERICAL PARTICLES ON THE CATHODE
DA I t 18-2-til
BA ILH batch b o+ 0.00511 Potassium Ferr i cyani de/O. OOSM 
Potassium Perroeyanide/O.5M Sodium Hydroxide 
solution prepared on lb— i—tii
Poten11al = 1.OOOO V 
Solution temperature a IV. b C
t'err i cyani de concentration = 0.50o£-0b mol/cmb 
Densi tv * 1. 0238 u> cm!
Viscosity — 0.011235 q/cm s 
L>i + + usi vity = O.6512L-05 cm2/s
da re b -b- a i
L<n l ul I Batch 4 o+ 0.00511 Potassium t err i cyani de/O. 00511 
Potassium l-errocyani de/0. bil Sodium Hydroxide 
solution prepared on 22-4-Si
Potential m 0.8429 V 
Solution lemperature “ 19.0 L
Ferricyanide concentration * 0.4//E-05 mol/cm3 
Density = 1.0241 q/c«i»3 
Viscosity = 0.011361 q/cm s 










1. 0 1 O . o 0. 5 16.0 0.0 1685.t
1 . 02 24. t! 4. / 253. 3 979. V 1685.1
1 .03 35. 4 6.9 5613.0 1398.4 1685.1
1 . 04 bo. 6 V.6 b 14. 6 1998.9 1685.1
I . OS 65. 5 1 2. U 639.9 2500.6 1685.1
1 . 06 78. 2 14. a /fc/9.2 3089.2 168b.1
1 .07 VO. 6 16. ti BOS. 9 5579.1 1685.1
i. < >8 100. / Iti.b 986. b 59/8.1 1685.1
1 . 09 109. 1 19. ti 1055.9 4309.9 1685.1
I.IU ) 24. ’ > 22. b 1199.9 4918.2 1685.1
1 . 1 1 1 55. 5 23. ti 1269.2 5265.9 1685.1
1.12 143. S 25. / 1370.5 5668.8 1685.1
1. 13 158. 2 2ti. :• 1509.2 6249.5 1685.1
1.14 169. b 30. / 1637.1 6&9S.9 1685.1










2. 01 0.0 0.3 1 7. 0 0.0 1/25.8
2.02 14.6 1.8 103. 1 570. b 1725.8
2.03 24.8 5. 1 291.6 969. 0 1725.8
2. 04 45.5 8.3 470. 0 1777.9 1725.8
2. 05 74. 1 13. 4 758. 7 2895.4 1725.3
2. 06 92.3 16.5 934. 3 3606.5 1725.8
2.07 133.3 22.2 1257.0 5208.6 1725.8
2. 08 159.8 25. 2 1426.9 6244.0 1725.8
2. <>9 174. / 28.6 1619.4 6U26.2 1725.8
2. lO 201. f 32.4 1834.6 /88i.2 1725.8
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Dm I L 6-3-8i
DA I'CH Hatch *♦ of 0.O05M Potassium Ferr i cyani de/O. OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 22-4-81
Potenti al «* 0.0353 V 
Solution temperature ** 17.0 C
Ferricyanide concentration * 0.4/7E-05 mol/cm3 
Den s 11 y = 1. 0250 q / c. m3 
Viscositv = 0.011885 g/cm s 
Di f fusi vi tv = O.61O4E-05 cm2/s
Pun
No Speed 





3.01 0.0 0.3 20.9 0.0 1899.7
S. 02 14. / 2. 4 144.3 549. 6 1899.7
3.03 31.8 8. V 530.8 1936.6 1899.7
3. < >4 80. 3 13. 4 /9V. 2 3009.6 1899.7
:•. 05 114.5 18.0 10/3.3 4280.8 1899.7
5. Oo 142. 2 21.7 1294.2 5316.4 1899./
>. 0/ 164.8 25.0 1491.0 6161.3 1899.7
3.<>8 186.3 29.3 1747.4 6965.1 1899.7
DA 11 30-/ 01
t'AILH Hatch 6 o+ 0.00511 Potassium Perr i cyan i de/0. 0o5M 
Potassium Ferrocyani de/0. 5i1 Sodium Hydroxide 
solution prepared on 2/-5-81
Potential - 0.8428 V 
Solution Ieriiperature ** 17.0 C
Ferricyanide concentration = o. 497E-OS mol/c>n3 
Density * 1.0230 cj/cm5 
Viscosity ** 0.011805 g/cm s 










4.01 0. o 0. 5 31.5 0. 0 1899.7
4.02 21.6 4. 1 23 /. 5 807.6 1899.7
4. 03 48. 1 8. 4 480.8 1798.3 1899.7
4.04 87. 4 14. 1 807. 1 3267.6 1899.7
4.05 1 13.9 1 / . 3 990. 2 4258.3 1899.7
4. 06 152.9 23.0 1316.5 5716.4 1899.7
4.0/ 175. 4 25. 8 1476.8 6557.6 1899.7
4. 08 191. / 28. 6 1637.0 7167.0 1899./
4. 09 209.8 31. 1 1/80.1 7343./ 1399.7
Ot
re
D A  IE iai-'iO-Sl
PH I LI I Patch 1 of u.ixiSli Potassium Kerr i cyani de/O. 00514 
Potassium Ferrocyanide/O.3M Sodium Hydroxide 
solution prepared on 24-9-81
Potential = 1.000/ 0 
Solution temperature = 16.0 L
Ferricyanide concentration ** O.SOOE—05 mol/cm3 
Density » i.0234 q/cm3 
Viscosity « 0.012158 q/cm s 





< r p m )




3.01 0.0 0.2 11.7 0.0 1VV4.1
3. 02 24. 1 •5. 4 201.5 881. 1 19V4.1
3.03 33.3 5. 0 2V4. V 1290.6 1VV4.1
5. o4 /4. 1 V. 5 546. 1 2709.3 19V4.1
3. 05 VI. V 10.8 630.8 3360.1 1994.1
5. U6 i 06. 8 12.8 747. 6 3904.8 1994.1
5. 07 151. 0 IS. 7 917.0 4 78V.6 1VV4.1
3. 08 i 5u. 0 17. V 1043.4 5484.3 1994.1
5.0 V 166. 2 20.3 1197.3 6076.6 1VV4.1
5. io 1 /6. 5 21.7 126/. 4 6453.2 19V4.1
DM ft i4 - 10-81
DP I Cl I Batch 1 of 0.005M Potassium Kerr l cyani de/O. OOSM 
Potassium Ferrocyanide/O.514 Sodium Hydroxide 
solution prepared on 24-V-01
Potential 33 1.0064 V 
Solution Iemperature = 17.5 C
Ferricyanide concentration » O.SOOE-oS mol/cm3 
Density * i.0247 q/cm3 
Viscosity * 0.011731 q/cm s 
Diffusivity = u.6lb4t-o5 cm2/s
Run
No
St i rrer 
Speed 
(rom)
Li miti nq 
Cur r*en t 
(mA)
Sh Re Sc
6.01 0.0 0.2 11.2 0.0 1834.5
6. 02 54. 9 4. 7 266.0 1319.3 1854.5
6.03 64. 5 8.2 463. 3 24 53.3 1854.5
6. 04 73. 1 9. 1 513.9 2763.5 1854.5
6. 05 104. 0 12.5 702.0 3931.6 1354.5
6. 06 125.5 14.9 836.8 4668.8 1854.5
6.07 ISO. 7 18. V 1061.4 5697.0 1334.5
6. 08 180. / 22. 1 1241.1 6831.1 1854.5
TABLE A6.6.7.4 I -N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 4 LAYERS OF 3MM GLASS-------------  L
SPHERICAL PARTICLES ON THE CATHODE
DATE 19-2-81
BATCH Batch 5 ot 0.005M Potassium Ferricvanide/O.OOSM 
Potassium Ferrocvanide/O.5M Sodium Hydroxide 
solution prepared on 1S— 1—81
Potential = 1.0000 V 
Solution Temperature * 19.0 C
Ferricyanide concentration = 0.500E-05 mol/cm3 
Densitv 1.0241 u/cm-3 
Viscosity = 0.011361 q/cm s 










1.01 0.0 0.2 13.o 0.0 1725.11
1.02 18.4 3. 1 167.5 719.0 1725.8
1.03 36.7 6.5 351. 1 1434.0 1725.8
1.04 52. 7 9. 1 494. 3 2059.2 1725.8
1.05 70.8 12. 1 653.6 2766.4 1725.8
1.06 SI . 1 13.7 740. 1 3168.9 1725.8
1.07 95. 4 15.8 853.5 3727.7 1725.8
1. OH 114.7 18.2 983. 1 4481.8 1725.8
i . 09 133. 3 21.0 1134.4 5208.6 1725.8
1 . J 0 1 44. 6 ' \ -n U 1215.4 5650.1 1725.8
1.11 153. 1 23.8 1285.6 5982.2 1725.8
1.12 1/.2.2 25. 1 1355.9 6337.8 1725•8
1.13 1/2.4 26. 6 1436.9 6736.4 1725.8
1.14 180.2 28. 6 1544.9 7041.1 1725.B
DATE 6-5-81
BATCH Batch 4 o+ 0.005M Potassium Ferricvam de/O. OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 22-4-31
Potential = 0.8386 V 
Sol-ution Temperature = 19.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0241 q/cm3 
Viscosity = 0.011361 q/cm s 










2.01 0.0 0. 2 11.3 0.0 1725.8
2.02 17.9 3. 1 178.4 699.4 1725.8
2.03 55. 7 9.7 550.4 2176.4 1725.8
2. 04 63. 5 10.6 600.2 2481.2 1725.8
2.05 102.3 16.3 923.0 3997.3 1725.a
2. 06 127.9 20. 1 1138.1 4997.6 1725.8
2.07 157.9 23.9 1353.3 6169.8 1725.8
2.08 184.2 28.0 1505.4 7197.4 1725.8




BATCH Batch 6 or 0.O05M Potassium Ferr i cyan i de/O. OOSM 
Potassium Ferrocyanide/O.j N Sodium Hydroxide 
solution prepared on 27-5-81
Potential = 0.3425 V 
Solution Temperature “ 15.0 C
Ferricyanide concentration = 0.497E-05 mol/cm3 
15<»nsi tv - 1. 025H q/cm3 
Viscosity = 0.012439 g/cm r»
Di+tusivity = O.3791E-05 cm2/s
Run
No
St i rrer 
Soeea 
(rpm)




3.01 0.0 0.4 27. 1 0.0 2093.8
3. 02 17.2 2.6 159.9 614.9 2093.8
3.03 37.8 5. 1 310.7 1351.4 2093.8
3.04 63. 8 7.7 465. 7 2280.9 2093.8
3.05 74. 8 3.9 537.5 2674.1 2093.8
3.06 95. 5 10. 8 651.5 3414.2 2093.8
3. 07 133.7 12.5 754. 1 4958.6 2093.8
3. 08 140.8 14.9 898. 8 5033.6 2093.8
3.09 161.3 16.8 1013.5 5766.5 2093.8
3. 10 162.6 18.6 1122.0 5813.0 2093.8
3. 1 I 200.0 21.5 1297.0 7150.1 2093.8
DATE 16-10-01
BATCH Batch 1 o+ 0.00311 Potassium Ferr i cyani de/0. OOSM 
Potassium Ferrocyanide/0. 5M Sodium Hydroxide 
solution prepared on 24-9-81
Potential = 1.0094 V 
Solution Temperature ~ 18.0 C
Ferricyanide concentration = 0.500E-05 mol/cm3 
Density = 1.0245 g/cm3 
Viscosity = 0.011619 g/cm s 










4.01 0.0 0.2 1 1. 1 0.0 1810.4
4.02 58.2 7.2 401.9 2224.6 1810.4
4.03 70.6 8.5 471.2 2698.6 1810.4
4. 04 80.5 9.3 518. 3 3077.0 1810.4
4.05 87.8 10. 0 554.3 3356.1 1810.4
e+
?e
TABLE A6.6.7.5 IT -N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 5 LAYERS OF 3MM GLASS  — L
SPHERICAL PARTICLES ON THE CATHODE
DATE 19—2—81
Da TCH Batch 5 of 0.0051*1 Potassium F e r n  cyanide/O. oG5M 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 15-1—SI
Potential = 1.0000 V 
Solution Temoerature = 19.0 C
Ferricyanide concentration = 0.500E-05 mol/cm3 
Density - 1.0241 q/cm3 
Viscosity = 0.011361 Q/cm s 
Diffusivity = 0.6429E-05 cm2/s
DATE 6-5-31
BATCH Batch 4 of 0.005M Potassium Ferricyanide/O.005H 
Potassium Ferrocyanido/0.5M Sodium Hydroxide 
solution prepared on 22-4-31
Potential = 0.8399 V 
Solution Temperature - 19.0 C
Ferricyanide concentration = 0.4/7E-05 mol/cm3 
Density = 1.0241 q/cm3 
Viscosity = 0.011361 g/cm s 
Diffusivity = 0.6429E-05 cm2/s
Run
No
St i rrer 
Speed 
irpin)




1.01 0 .0 0. 3 18.9 0. 0 1725.8
1.02 23. 8 3.9 209. 6 930.0 1725.S
1.03 32. 6 J • o 285.2 1273.8 1725.8
1. 04 41.2 6.7 361.9 1609.9 1725.8
.05 53. 3 8.5 459.2 2082.6 1725.8
. 06 75. 4 11.7 632.0 2946.2 1725.8
.07 86. 2 13.3 718.4 3368.2 1725.8
.08 105. 0 15.7 H48. 1 4134.0 1725.8
.09 J 26. i i a . o 972.3 4927.2 1725.3
. 10 147. 1 20.5 1107.4 5747.8 1725.8
. 1 1 167. 1 23. 2 1 2 6529.3 1725.8










2.01 0.0 0. 4 21.0 0. 0 1725.8
2.02 20.8 3.6 203.8 812.7 1725.8
2.03 58.8 9.9 560.6 2297.6 1725.8
2. 04 84.9 13.9 787. 1 3317.4 1725.8
2.05 113. 7 17.5 990.9 4442.7 1725.8
2. 06 150.7 22. 1 1251.4 5SSB.5 1725.8
2.07 180.7 25. 7 1455.2 7060.7 1725.8




TABLE A6.6.7.6 I -N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 6 LAYERS OF 3MM. GLASS
SPHERICAL PARTICLES ON THE CATHODE
DATE 19-2-81
BATCH Batch 5 o-f 0.005M Potassium Ferr i cyani de/O. OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 15-1-81
Potential = 1.0000 V 
Solution Temperature * 19.0 C
Ferricyanide concentration = 0.500E—05 mol/cm3 
Density = 1.0241 g/cm3 
Viscosity - 0.011361 g/cm s 
Di -f -fusi vi ty = 0.6429E-05 cm2/s
DATE 6-5-81
E-iATCH Batch 4 o-f 0.005M Potassium Ferr i cyani de/O. OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 22-4-81
Potential =■ 1.0000 V 
Solution Temperature = 18.0 C
Ferricyanide concentration = 0.477E-05 mol/cm3 
Density = 1.0245 g/cm3 
Viscosity = 0.011619 g/cm s 










1.01 0.0 0.3 16.2 0.0 1725.8
1.02 24. 1 3.9 209. 1 941.7 1725.8
1.03 48.6 7. 2 391.6 1899.0 1725.8
1.04 65.6 9.5 515.9 2563.3 1725.8
1.05 87. 1 12.3 664. 4 3403.4 1725.8
1. 06 106. 4 14. 7 794. 1 4157.5 1725.8
1.07 121.7 16.3 880. 5 4755.3 1725.8
1.08 137.0 18.2 983. 1 5353.1 1725.8
1.09 156.3 20. 1 1085.8 6107.3 1725.8
1.10 168. 1 21.6 1166.8 6568.4 1725.8










2.01 0.0 0.3 17. 4 0.0 1810.4
2.02 21.7 3.7 217.9 829.5 1810.4
2. 03 57. 7 8.5 493.9 2205.5 1810.4
2. 04 118.6 16.0 729.7 4533.4 1810.4
2.05 164.0 21.0 1220.2 6268.7 1810.4
st»
e
TABLE A6.6.7.7 I ^ N  DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 7 LAYERS OF 3MM GLASS
SPHERICAL PARTICLES ON THE CATHODE
DATE 19-2-81
BATCH Batch 5 o-f 0.OOSM Potassium Ferricyanide/O.OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 15-1-81
Potential = 1.0000 V 
Solution Temperature =» 19.0 C
Ferricyanide concentration = 0.300E-05 mol/cm3 
Density = 1.0241 q/cm3 
Viscosity = 0.011361 g/cm s 










1.01 0.0 0.3 16.2 0.0 1725.8
1.02 18.7 2. 3 124. 2 730.7 1725.8
1.03 41.5 S« 5 297. 1 1621.6 1725.8
1.04 59.3 7. 7 418. 6 2317.1 1725.8
1. 05 73.0 9. 4 507. 8 2852.4 1725.8
1.06 80. 6 11.4 615. 8 3149.4 1725.8
1.07 108.9 13. 1 707.6 4255.2 1725.8
1. 08 127. 1 14.9 804. 9 4966.3 1725.8
1.09 141.2 16.0 864.3 5517.3 1725.8
1.10 156. 3 17.4 939. 9 6107.3 1725.8
1.11 174.9 19. 1 1031.8 6834.1 1725.8
346
TABLE A6.6.8.1 I r - N  DATA FOR THE ELECTROLYTIC MIXING— L,
CELL WITH THE PRESENCE OF 1 LAYER OF 
5MM GLASS SPHERICAL PARTICLES ONI THE. 
CATHODE.
i.'AT ii la—3-92
11: r i I CH Batch o of O.0O5M Potasai urn Ferr i cyan i de/O. OOSM 
Potassium Ferrocyamde/0.5M Sodium Hydroxide 
solution prepared on 23-6-82
Potential = 1.0131 V 
Solution Temperature = 18.0 C
r«rr icyaru de concentration *» 0.500E—05 mol/c«3 
density = 1.0245 g/cmS 
viscosity * 0.011619 g/cm s 










1.01 0.0 0. 5 26. 4 0.0 1810.4
1.02 15. 0 3. 2 179.6 573.4 1810.4
1.03 15. 3 4. 1 228.4 584.8 1810.4
1.04 28.8 7. 1 392.5 1100.9 1810.4
1.05 54. 1 io. a 598.7 2067.9 1810.4
1.06 65. 5 12.0 709. 6 2427.2 1010.4
1.07 76. 4 15. 1 037. 1 2920.3 1010.4
1.08 91.o 18. 1 1003.4 3501.3 1810.4
1.09 106. 2 19.8 1097.6 4059.4 1810.4
1.10 116.1 21 . 0 1208.5 4437.8 1810.4
1.11 120. 8 25.6 1308.2 4617.5 1810.4
1.12 1 33. 3 25. 6 14 19.1 5095.3 1810.4
1.13 161.1 27. 8 1541.1 6157.9 1810.4
1.14 177.8 29. 0 1651.9 6796.2 1810.4
1. 15 192. 0 31.5 1746.2 7339.0 1810.4
1. 16 212. 4 33>. 3 1046.0 0118.8 1810.4
1.17 225.6 35.0 1940.2 8625.5 1010.4
1 . 18 248.3 3o. 8 2040.0 9491.0 1810.4
1. 19 262. 8 38. 6 2139.8 10045.3 1810.4
1.20 297. 5 40. 9 2267.3 11371.6 1810.4
TABLE A6.6.8.2 Ir - N DATA FOR THE ELECTROLYTIC MIXING 
- j L 
CELL WITH THE PRESENCE OF.2 LAYERS OF 
. 5MM GLASS SPHERICAL PARTICLES ON THE 
CATHODE
DATE 16-8-82
BATCH Batch 6 of 0. 00511 Potassium Perricyanide/O.OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 23-6-02
Potential = 1.0131 V 
Solution Temperature = 19.5 C
Ferricyanide concentration = O.500E-05 mol/cm3 
Density = 1.0238 q/cm3 
Viscosity » 0.011235 g/cm s 
Diffusivity * O.6512E—05 cm2/s
Run
No
Sti rr er 
Speed 
(rpm)




1.01 0.0 0. 5 27.5 0.0 1685.1
1.02 16. 7 4.5 237.8 659.7 1685.1
1.03 32. 1 6.5 346.6 1268.1 1685.1
1.04 64. 5 10.7 570.6 2548.0 1685.1
1.05 74.5 12.8 602.6 2943.0 1685.1
1.06 08. 9 15.8 842. 6 3511.9 1685.1
1.07 127.6 20.5 1093.2 5040.7 1685.1
1.08 134.1 21.8 1162.5 5297.5 1685.1
1.09 147.0 23.6 1258.5 5838.7 1635.1
1. 10 163.0 25. 2 1343.0 6439.1 1685.1
1.11 170. 5 26.9 1434.5 6735.4 1685.1
1. 12 187.5 28.7 1530.5 7407.0 1685.1
1.13 198.7 29.4 1567.8 7849.4 1685.1
1.14 21 1.3 30.5 1626.5 0347.2 1 e>85. 1
1 . 15 229.0 31.9 1701.1 9046.4 1685.1
1. 16 232.5 32.9 1754.5 9184.7 1605.1
1.17 254.2 33.6 1791.8 I0041.9 1685.1
1. 18 262.5 34. 1 1018.5 10569.0 1605.1
1 . 19 269. 2 35.0 1866.4 10634.5 1605.1
1.20 200. 0 35.8 1909.1 1 1061. 1 1685.1
347
TABLE A6.6.8.3 IL ~N DATA FOR THE ELECTROLYTIC MIXING
CELL WITH THE PRESENCE OF;3 LAYERS OF 
5MM GLASS SPHERICAL PARTICLES ON THE 
c a t h o d e ;
I)A I £ 17-9—82
Bh TCH Batch 6 of 0.005M Potassium Ferricvanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 23-6-82
Potential = 1.0131 V 
Solution Temperature = 15.0 C
Ferr i cvarii
Density ~ 





y - 0. 5
entration “ 0 
0 / Cili3
439 q/cm s 
791E—05 cm2/s
500E-05 mo1/cm3
Run St i rrer Li miti nq Si. Re Sc
No Speed Current
(rpni'/ <mA>
1.01 0.0 1.0 57.7 0.0 2093.8
1.02 12.7 2. 1 128.9 454.0 2093.8
1.03 33. 3 5.6 337.0 1190.5 2093.8
1.04 51.3 7.6 456.9 1834.0 2093.8
1.05 76.9 10. 1 605. 6 2749.2 2093.8
1. Go 38. 9 11.5 689.6 3178.2 2093.8
1.07 100.0 12.7 761.5 3575.0 2093.8
1.03 116.5 14.6 875.5 4164.9 2093.8
1.09 140.0 17.2 1031.4 5005.0 2093.8
1. 10 153.8 18.6 1115.3 5498.4 2093.3
1. 11 163. 6 19.5 1169.3 5848.7 2093.8
1. 12 168. 5 20.5 1229.2 6023.9 2093.8
1. 13 192.3 22. 1 1325.2 6874.8 2093.8
1. 14 223.9 23.6 14 15.1 8004.5 2093.8
1. 15 240. 0 25. 2 1511.1 8580.1 2093.8
1.16 252. 1 25. 3 1547.0 9012.6 2093.8
TABLE A6.6.8.4 IL~N DATA FOR THE ELECTROLYTIC MIXING
CELL WITH THE PRESENCE OF 4 LAYERS OF 
5MM GLASS SPHERICAL PARTICLES ON THE 
CATHODE
DATE 18-B-02
BATCH Batch 6 of 0.005M Potassium Ferricyanide/O.OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 23-6-82
Potential - 1.0135 V 
Solution Temperature = 17.5 C
Ferricyanide concentration = 0.500E-05 mol/cm3 
Density ** 1.0247 g/cm3 
Viscosity = 0.011751 q/cm s 










1.01 0.0 0.5 26.8 0.0 1854.5
1.02 30.0 5. 1 287. 5 1134.1 1854.5
1.03 55.2 7.6 427.9 2086.8 1854.5
1.04 72.7 9.5 531.3 2743.3 1854. 5
1.05 86.3 10.7 600. 9 3262.5 1854.5
1.06 93.7 11.8 662. 7 3542.2 1854.5
1.07 117.6 13.3 746.9 4445.7 1854.5
3H8
DATE 18-8-82
BATCH Batch 6 o+ O.005M Potassium Ferricvanide/0.OOSM 
Potassium Ferrocyani de/0. 5M Sodium Hydroxide 
solution prepared on 23-6-82
Potential - 1.0131 V 
Solution Temperature «= 13.0 C
Ferricyanide con c en t rat ion » 0.300E—05 mol/cm3 
iensi • y = 1.0243 q/cmS 
Viscosity - 0.011619 q/cm s 










2.01 0. 0 0.3 19.2 0.0 1810.4
2.02 16. 1 2.8 153. 6 615. 4 1810.4
2.03 44. 3 6.2 343. 1 1712.4 1810.4
2. 04 58.3 S. 1 447. 9 2228.5 1810.4
2.05 85. 7 10.8 598.7 3275.8 1810.4
2.06 102. 6 13.0 720. 6 3921.8 1810.4
2.07 116.5 14. 1 781.6 4453.1 1810.4
3. < <3 134.8 16.3 903. 6 5152.6 1810.4
2.09 152.9 18.2 1008.9 5344.4 1810.4
2. 10 186.0 20.9 1158.6 7109.7 1810.4
2. 1 I 205. 1 22. 5 1247.3 7839.7 1810.4
2. 12 230. 8 23. 6 1308.2 8822.1 1810.4
2.13 242. 4 24. 4 1352.6 9265.5 1810.4
6t
?e
TABLE A6.6.9.1 IT - N  DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 1 LAYER of 7MM GLASS 
-
SPHERICAL PARTICLES ON THE CATHODE.
DATE 12-8-82
BATCH Batch 5 o-f 0.005M Potassium Ferr i cyani de/O. 0051*1 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 23-6-82
Potential = 1.0220 V 
Solution Temperature = 20.0 C
Ferricyanide concentration = 0.500E-05 mol/cm3 
Density = 1.0236 g/cm3 
Viscosity * 0.011111 g/cm s 
Diffusivity = 0. 6596E-05 cm2/s
DATE 12-8-82
BATCH Batch 5 of 0.005M Potassium Ferricyanide/0.OOSM 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 23-6—82
Potential = 1.0220 V 
Solution Temperature = 20.0 C
Ferricyanide concentration = 0.500E—05 mol/cm3 
Density = 1.0236 g/cm3 
Viscosity = 0.011111 g/cm s 










1.01 0.0 0.7 36. 4 0.0 1645.6
1.02 20.9 5.5 287.4 834.7 1645.6
1.03 59.6 15. 3 805.5 2380.3 1645.6
1.04 88.9 19.6 1031.9 3550.4 1645.6
1.05 102.6 22.5 1184.5 4097.5 1645.6
1.06 124. 1 26.8 1410.9 4956.2 1645.6
1.07 141. 7 28. 8 1516.2 5659.1 1645.6
1.08 165. 5 31.7 1668.9 6609.6 1645.6
1.09 184.0 34.7 1826.8 7348.4 1645.6
1.10 214.3 37.3 1963.7 8558.5 1645.6
1.11 238. 4 44.6 2348.0 9521.0 1645.6
1. 12 278. 1 43.3 2279.6 11106.5 1645.6
1. 13 320. 9 46.3 2437.5 12815.8 1645.6










2.01 0.0 0.5 28.3 0.0 1645.6
2.02 13.3 3.5 182.2 531.2 1645.6
2.03 25.9 6.3 332.2 1034.4 1645.6
2.04 40.0 9.9 522.3 1597.5 1645.6
2.05 60.0 14.2 747. 6 2396.2 1645.6
2.06 69.0 15.9 837. 1 2755.7 1645.6
2.07 81. 1 18.8 989.8 3238.9 1645.6
2.08 100.8 22.7 1195.1 4025.7 1645.6
2.09 126.8 26.8 1410.9 5064.0 1645.6
2. 10 147.5 28.9 1521.5 5890.7 1645.6
2. 11 175.2 32.7 1721.5 6997.0 1645.6
2. 12 188. 9 35.2 1853.2 7544.1 1645.6
2. 13 230.8 38.6 2032.2 9217.5 1645.6
2. 14 245. 9 40. 4 2126.9 9820.5 1645.6
2. 15 276.5 42.7 2248.0 11042.6 1645.6
2. 16 298.5 44.5 2342.8 11921.2 1645.6
2. 17 324.3 46.6 2453.3 12951.6 1645.6
2. 18 361. 4 47. 6 2506.0 14433.3 1645.6
350
TABLE A6.6.9.2 Ir-N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 2 LAYERS OF 7MM GLASS---------------  L
SPHERICAL PARTICLES ON THE CATHODE
DATE 12-8-82
BATCH Batch 5 of 0.005M Potassium Ferricyanide/O.OOSM 
Potassium Ferrocyanide/O.SM Sodium Hydroxide 
solution prepared on 23-6-82
Potential = 1.0235 V 
Solution Temperature = 20.0 C
Ferricyanide concentration = 0.500E—05 mol/cm3 
Density = 1.0236 g/cm3 
Viscosity = 0.011111 g/cm s 
Diffusivity = 0.6596E-05 cm2/s
DATE 13-8-82
BATCH Batch 5 of 0.005M Potassium Ferricyanide/O.OOSM 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 23-6-82
Potential = 1.0176 V 
Solution Temperature = 18.5 C
Ferricyanide concentration = 0.500E-05 mol/cm3 
Density = 1.0243 g/cm3 
Viscosity = 0.011489 g/cm s 










1.01 0.0 0.6 33. 2 0.0 1645.6
1.02 11.8 2.6 135. B 471.3 1645.6
1.03 31.1 6.9 362.2 1242.0 1645.6
1.04 53. 1 10.9 573.8 2120.7 1645.6
1.05 63. 1 13.5 710.7 2520.0 1645.6
1.06 96. 0 18. 8 989.8 3834.0 1645.6
1.07 113.2 21.0 1105.6 4520.9 1645.6
1.08 121.6 22.5 1184.5 4856.4 1645.6
1.09 132. 4 23. 2 1221.4 5287.7 1645.6
1. 10 138.5 24. 8 1305.6 5531.3 1645.6
1.11 156.5 26. 5 1395.1 6250.2 1645.6
1. 12 173.9 28.2 1484.6 6945.1 1645.6
1.13 184. 6 30.2 1589.9 7372.4 1645.6
1. 14 196. 1 31.2 1642.6 7831.7 1645.6
1. 15 215.8 33.2 1747.9 8618.4 1645.6
1. 16 243. 9 34.5 1816.3 9740.7 1645.6
1. 17 260. 9 36.6 1926.9 10419.6 1645.6










2.01 0.0 0.5 29. 4 0.0 1767.5
2.02 30.0 5. 5 303.2 1159.4 1767.5
2.03 46.2 8.9 488. 1 1785.5 1767.5
2.04 71.4 13.3 727. B 2759.4 1767.5
2.05 103.4 17.9 979.5 3996.1 1767.5
2.06 112. 1 18.8 1028.7 4332.4 1767.5
2.07 141.2 22.7 1242.2 5457.0 1767.5
2.08 151.3 24.0 1313.3 5847.4 1767.5
2.09 172.4 26.5 1450.1 6662.8 1767.5
2. 10 177.5 27. 1 1482.9 6859.9 1767.5
2. 11 206.9 29. 7 1625.2 7996.2 1767.5
2. 12 223.9 32.3 1767.5 8653.2 1767.5
2. 13 286.7 35.2 1926.2 11080.2 1767.5
2. 14 303.0 38.5 2106.7 11710.2 1767.5
TABLE A6.6.9.3 IT - N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 3 LAYERS OF 7MM GLASS
Li
SPHERICAL PARTICLES ON THE CATHODE
DrtlL 13-8-82
lJ. il LI I Batch !*i of 0.00311 Potassium Forri cyani de/O. OOSM 
Potassium Ferrocyanide/O. 5M Sodium Hydroxide 
solution prepared on 23-6-82
Potential = 1.0176 V
Solution Veflipcriitiire ~ 18. 3 C
Ferr icyanide concentration = O.5O0L-0S inol/cm3 
Density - 1.0243 q/cu.3 
Viscosity ~ 0.011489 a/cm s 










l.Oll 0.0 0.4 21.1 0.0 1767.5
1 . 02 11.5 2. 2 12 9. i 444. 4 1767.5
1 .03 31.6 6. 1 336.5 1221.3 1767.5
1 .04 55.0 9. 1 496. 9 2125.6 1767.5
1. <15 33. 3 12.9 70S. 9 3219.3 1767.5
i. 06 98.9 14.3 BOV. V 3322.2 1/67.5
1.0/ 1 16. 1 16. a 919. 3 4487.0 1 76 7.5
i . 08 129.5 19.0 1039.7 5004.8 1767.5
1 . o'/ 137.9 21.4 1171.0 6102.4 t 767.5
1 . 10 196 . 7 2-1. 6 1346.1 7601.9 1767.5
1.11 214.3 26.4 1444.6 8282.1 1767.5
1.12 24 3.9 28.8 1576.0 9426.1 1767.5
1 . 13 274.0 30.5 1669.0 10589.4 1767.5
1.14 298.5 31.1 1701.8 11536.3 1/67.5
BA (E 13-8-02
B A K U  Batch 5 ot 0.0O5H Potassium Ferricyanide/O. 0O3M 
Potassium Ferrocyanide/O. 5M Sodium Hydroxide 
solution prepared on 23—6—82
Potential « 1.01/6 V 
Solution temperature = 19.0 L'
Ferricyanide concentration * 0.500fc>-05 mol/cmi 
Density * 1.0241 q/cm3 
Viscosity - 0.011361 q/cm s 










2.01 0.0 0. 7 35.3 0.0 1725.8
2.02 18.5 4. 1 222.6 722.9 1725.8
2.03 33. 1 6.0 326.3 1293.4 1725.8
2.04 61.2 9.8 527. 8 2391.3 1723.8
2.04 80.0 12.5 673.2 3125.9 1725.8
2.05 88. 2 13.3 7141. 4 3446.3 1725.8
2.07 107. 1 14.3 7 72. 5 4184.8 1725.8
2.08 123. / 17.9 966.9 4833.5 1725.8
2.09 136. 4 19.5 1053.4 5329.7 1723.8
2. 10 171.4 22.8 i 231.6 6697.3 1725.8
2. 1 I 200.0 24.8 1339.7 7814.(3 1725.8
2. 12 219. 4 26.4 1426.1 8572.8 1725.8
2.13 256.4 29.0 1566.5 10 O 18.6 1725.8
2. j 4 285. 7 29. 6 1398.9 1 1 163.5 1/23.8
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TABLE A6.6.10.1 IT -N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 1 LAYER OF 10MM GLASS-----------------  L
SPHERICAL PARTICLES ON THE CATHODE
DATE 11-8-82
BATCH Batch 4 o-f 0. OOSM Potassium Ferr i cyani de/O. OOSM 
Potassium Ferrocyani de/O. 5M Sodium Hydroxide 
solution prepared on 23-6-82
Potential = 1.0141 V 
Solution Temperature * 21.0 C
Ferricyanide concentration = 0.500E-05 mol/cm3 
Density = 1.0231 a/cm3 
Viscosity = 0.010867 q/cm s 
Diffusivity = 0.6767E-05 cm2/s
DATE 11-8-82
BATCH E<atch 4 of 0. 005(1 Potassium Ferr i cyani de/O. OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 23-6-82
Potential = 1.0141 V 
Solution Temperature = 20.0 C
Ferricyanide concentration « 0.500E-05 mol/cm3 
Density * 1.0236 q/cm3 
Viscosity = 0.011111 Q/cm s 










1.01 0.0 0.7 33.6 0.0 1569.6
1.02 25.0 7.8 402. 8 1020.3 1569.6
1.03 37.3 11.8 605.5 1522.3 1569.6
1.04 66. 6 19. 1 980.2 2718.2 1569.6
1.05 101.7 25.2 1293.2 4150.7 1569.6
1.06 122.4 29.5 1513.9 4995.5 1569.6










2.01 0.0 0. 4 22.7 0.0 1645.6
2.02 19.7 5.5 287.4 786.8 1645.6
2. 03 27.3 7.3 384.8 1090.3 1645.6
2.04 51.3 12.4 652. 8 2048.8 1645.6
2.05 72.3 17. 1 900.3 2887.5 1645.6
2.06 88.2 20.4 1074.0 3522.5 1645.6
2.07 109.0 23.2 1221.4 4353.1 1645.6
2.08 128.6 25.5 1342.5 5135.9 1645.6
2.09 152.7 29. 1 1532.0 6098.4 1645.6
2. 10 172.4 31.7 1668.9 6885.2 1645.6
2. 11 198.7 34.2 1800.5 7935.5 1645.6
2. 12 227.3 37.5 1974.2 9077.7 1645.6
2.13 236. 2 38.5 2026.9 9433.1 1645.6
2. 14 270.3 40.8 2148.0 10795.0 1645.6
2. 15 297.0 43. 5 2290. 1 11861.3 1645.6
2. 16 335.0 46.3 2437.5 13378.9 1645.6
353
TABLE A6.6.10.2 I -N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 2 LAYERS OF 1CMM GLASS
SPHERICAL PARTICLES ON THE CATHODE
DATE 11-8-92
BATCH Batch 4 o-f 0.005M Potassium F e r r i c y a n i  de/O. 0051*1 
Potassium Ferrocyanide/O. 5M Sodium Hydroxide 
solution prepared on 23-6-82
Potential = 1.0141 V 
Solution Temperature = 20.0 C
Ferricyanide concentration = 0.500E—05 mol/cm3 
Density = 1.0236 g/cm3 
Viscosity = 0.011111 g/cm s 
Diffusivity = 0.6596E-05 cm2/s
DATE 11-8-82
BATCH Batch 4 of 0.005M Potassium Ferricyanide/0.OOSM 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 23-6-82
Potential = 1.0141 V 
Solution Temperature = 20.5 C
Ferricyanide concentration = 0.500E—OS mol/cm3 
Density = 1.0234 g/cm3 
Viscosity = 0.010988 q/cm s 










1.01 0.0 0.4 22.3 0.0 1645.6
1.02 33.7 7.5 392.7 1345.9 1645.6
1.03 65.2 14.7 773.9 2603.9 1645.6
1.04 86. 9 16.7 879.2 3470.5 1645.6
1. OS 98. 4 19.0 1000.3 3929.8 1645.6
1.06 114.6 21.3 1121.4 4576.8 1645.6
1.07 141.2 25.2 1326.7 5639.1 1645.6
1.08 154. 6 27. 1 1426.7 6174.3 1645.6
1.09 162. 2 29. 2 1537.3 6477.8 1645.6
1. 10 187.5 31.3 1647.8 7488.2 1645.6
1.11 209.8 34. 0 1790.0 8378.8 1645.6
1. 12 244. 9 37.2 1958.4 9780.6 1645.6










2.01 0.0 0.7 38.0 0.0 1607.1
2.02 26.0 6.2 321.7 1049.7 1607.1
2.03 47.2 10.5 545.8 1905.6 1607. 1
2.04 61 .B 14.8 769. 3 2495.1 1607. 1
2.05 99.2 19.5 1013.5 4005.0 1607. 1
2.06 109. 1 21.3 1107. 1 4404.7 1607.1
2.07 132.3 23.5 1221.4 5341.4 1607. 1
2.08 145.6 25. 6 1330.6 5878.4 1607.1
2.09 163.9 28. 2 1465.7 6617.2 1607.1
2. 10 167.9 30.5 1585.3 6778.7 1607.1
2. 11 192.3 32.7 1699.6 7763.8 1607.1
2. 12 211.3 34. 8 1808.8 8530.9 1607. 1
2. 13 214.3 35. 8 1860.8 8652.0 1607.1
2.14 230. B 36. 9 1917.9 9318.2 1607.1
2. 15 252. 1 39.2 2037.5 10178.2 1607.1
tr
se
TABLE A6.6.11.1 IT-N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 1 LAYER OF 12MM GLASS' Li
SPHERICAL PARTICLES ON THE CATHODE.
DATE 5-8-81
BATCH Batch 3 o-f 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 23-6-81
Potential = 1.0092 V 
Solution Temperature = 19.0 C
Ferricyanide concentration = 0.500E-05 mol/cm3 
Density = 1.0241 g/cm3 
Viscosity = 0.011361 g/cm s 
Di-f-f usi vi ty = 0.6429E—05 cm2/s
Run
No







1.01 0.0 1. 1 62. 1 0.0 1725.8
1.02 15.8 5.0 267.9 617.4 1725.8
1.03 29.6 8.3 448.9 1156.6 1725.8
1.04 36. 1 9.3 505. 1 1410.6 1725.8
1.05 60.3 14.3 772.5 2356.2 1725.8
1.06 72.6 16.7 902. 1 2836.8 1725.8
1.07 78.3 17. 2 929. 1 3059.5 1725.8
1.08 95.5 19.8 1069.6 3731.6 1725.8
1.09 112.5 21.5 1161.4 4395.8 1725.8
1. 10 125.0 23.3 1258.6 4884.3 1725.8
1.11 149.9 24.7 1334.3 5857.2 1725.8
1.12 153. 1 25.8 1393.7 5982.2 1725.8
1. 13 176.5 27. 1 1463.9 6896.6 1725.8
1.14 191. 1 28. 1 1517.9 7467.1 1725.8
1. 15 195. 4 28.8 1555.7 7635.1 1725.8
1. 16 260. 9 31.5 1701.6 10194.4 1725.8
DATE 5-8-81
BATCH Batch 3 of 0.005M Potassium Ferricyanide/0.005M 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 23-6-81
Potential = 1.0092 V 
Solution Temperature = 18.0 C
Ferricyanide concentration = 0.500E-05 mol/cm3 
Density = 1.0245 g/cm3 
.Viscosity ** 0.011619 g/cm s 










2.01 0.0 1.0 53.3 0.0 1810.4
2.02 26.5 7.5 415.8 1012.9 1810.4
2.03 54. 1 12.4 687. 4 2067.9 1810.4
2.04 75.9 15.8 875.9 2901.2 1810.4
2.05 87.6 16.9 936.8 3348.4 1810.4
2.06 106. 2 19.8 1097.6 4059.4 1810.4
2.07 109. 1 20.0 1108.7 4170.2 1810.4
2.08 125.0 21.2 1175.2 4778.0 1810.4
2.09 133.3 22. 1 1225.1 5095.3 1810.4
2. 10 142.3 22.8 1263.9 5439.3 1810.4
2. 11 162.2 23.9 1324.9 6199.9 1810.4
2. 12 168.5 25.0 1385.9 6440.7 1810.4
2.13 193.5 26.3 1457.9 7396.3 1810.4
2. 14 215. 6 27.5 1524.4 8241.1 1810.4
2. 15 238. 1 28.7 1591.0 9101.1 1810.4
2. 16 260.9 29.8 1651.9 9972.6 1810.4
355
TABLE A6.6.11.2 I -N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 2 LAYERS OF 12MM GLASS
----------- — —  L
SPHERICAL PARTICLES ON THE CATHODE
DATE 5-8-81
BATCH Batch 5 o-f 0.005M Potassium Ferri cyani de/O. OOSM 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 23-6-81
Potential = 1.0092 V 
Solution Temperature = 20.0 C
Ferricyanide concentration * 0.500E-05 mol/cm3 
Density = 1.0236 g/cm3 
Viscosity = 0.011111 g/cm s 
Di -f -fusi vi ty = 0.6596E-05 cm2/s
DATE 6-8-81
BATCH Batch 5 o-f 0.005M Potassium Ferr i cyani de/O. 005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 23-6-81
Potential = 1.0092 V 
Solution Temperature = 21.0 C
Ferricyanide concentration » 0.500E-05 mol/cm3 
Density = 1.0231 g/cm3 
Viscosity = 0.010867 g/cm s 
Di-f-f usi vi ty = 0.6767E-05 cm2/s
Run
No







1.01 0.0 1. 6 85.3 0.0 1645.6
1.02 10.5 3.9 206. 4 419.3 1645.6
1.03 33.3 7.0 368.5 1329.9 1645.6
1.04 65.2 12.4 652.8 2603.9 1645.6
1.05 77.4 14.4 758. 1 3091.1 1645.6
1.06 87.6 15.5 816.0 3498.5 1645.6
1.07 102.3 17. 1 900.3 4085.6 1645.6
1.08 113.9 18.9 995.0 4548.8 1645.6
1.09 145.5 21.3 1121.4 5810.8 1645.6
1. 10 171.4 23.3 1226.7 6845.2 1645.6
1.11 194. 6 24.9 1310.9 7771.8 1645.6
1. 12 215.8 26.0 1368.8 8618.4 1645.6
1. 13 250.0 26.9 1416.2 9984.3 1645.6










2.01 0.0 0.6 30.8 0.0 1569.6
2.02 26.5 5.6 289.9 1081.5 1569.6
2.03 37.0 6.9 356. 1 1510.1 1569.6
2.04 66.7 11.4 585.0 2722.2 1569.6
2.05 85. 1 13.2 677. 4 3473.2 1569.6
2.06 98.4 14.5 744. 1 4016.0 1569.6
2.07 103.4 16.6 851. 9 4220.1 1569.6
2.08 144.9 18.3 939. 1 5913.8 1569.6
2.09 176.5 20.2 1036.6 7203.5 1569.6
2. 10 208.3 21.8 1118.7 8501.4 1569.6
356
_A_P_PENpiX A6.7 THE EFFECT OF THE CATHODE SURFACE TEMPERATURE UPON THE CURRENT-POTENTIAL DATA AT AN IMPELLER 
ROTATIONAL SPEED OF 37.5 ± 2.2 rpm FOR THE ELECTROLYTIC MIXING CELL WITHOUT THE PRESENCE OF 
GLASS SPHERICAL PARTICLES ON THE CATHODE WHERE AT = 0
OAlfc 15-1 81
DAIL-M Patch 1 of 0.005M Potassium l err icyanide/O. 005M 
Put a-as i urn Ferroi:yanide/0. 5M Sodium Hydroxidt* 
'.olut ion prepared on 9-12-80
Run No I.01
Stirrer Speed = 35.3 rpm
Solution Temperature = 21.0 C 






0 . 1114 6. 3
0.1640 8.9
O .2000 10. 4
O.2658 12. 1
0. •243 12. 7














BATCH Batch 3 of O.OOSM Potassium Perricyanide/O.005M 
Potassium Ferrocyani de/O. 5f1 Sodium Hydroxide 
solution prepared on 9-12-80
Run No 1.01
Stirrer Speed = 39.7 rpm
Solution Temperature = 30.0 C 

























BATCH Batch 3 of 0.005M Potassium Ferricyanide/O.005M 
Potassium Ferrocyanide/O.5M Sodium Hydroxide 
solution prepared on 9— 12—80
Run No 1.01
Stirrer Speed — 38.8 rpm
Solution Temperature = 40.0 C 
Cathode Surface Temperature = 40.0 C




























BATCH Eiatch 3 of 0.005M Potassium Ferri cyani de/0. 005M 
Potassium Ferrocyanide/0.5M Sodium Hydroxide 
solution prepared on 9-12-80
Run No 1.01
Stirrer Speed = 38.8 rpm
Solution Temperature = 48.0 C 






























APPENDIX A6.8 MASS AND HEAT TRANSFER DATA FOR THE ELECTROLYTIC MIXING CELL WITHOUT THE PRESENCE OF GLASS
SPHERICAL PARTICLES ON THE HEATED CATHODE
DATE 27-4-82





























1.01 0.8398 0.0 3.2 0.500D-05 16.0 18.0 20.7 18.0 20.0 18.0 0.069 0.55 0.07 0.47
1.02 0.8398 0.0 4.0 0.500D-05 16.0 19.3 22.7 19.0 22.0 18.0 0.104 1.24 0.12 1.12
1.03 0.8398 0.0 5.2 0.500D-05 17.0 21.5 26.4 21.0 23.0 18.0 0.155 2.75 0.32 2.44
1.04 0.8398 0.0 6.2 0.500D-05 18.0 23.5 29.6 23.0 28.0 18.0 0.197 4.44 0.32 4. 12











Nu Sh Re Grh Grm Pr Sc
1.01 0.6046D-02 1.0247 0.01170 4.0870 0.62 ID-05 3.9 178.9 0.0 0.483D+07 0.175D+07 7.9 1838.9
1.02 ’ 0.6061D-02 1.0243 0.01149 4.0869 0.634D-05 6.2 219.0 0.0 0. 762D+07 0.181D+07 7.7 1768.6
1.03 0.6098D-02 1.0234 0.01099 4.0869 0.668D-05 9.6 270.5 0.0 0.123D +08 0.198D+07 7.4 1609.0
1.04 0. 6130D-02 1.0225 0.01057 4.0868 0.699D-05 13.2 308.0 0.0 0. 172D+08 0.214D+07 7.0 1478.4





BATCH Batch 1 of 0.005M .Potassium Ferricyanide/ 0.005M Potassium Ferrocyanide/ 0.5M Sodium Hydroxide solution prepared on 23-4-82
Run No V N 11 Cb Tb Ts 1 Ts2 Ts3 Tw Ta Ih Q QL Qb
(volts) (rpm) (mA) (mol/cm3) (C) (C) (C) (C) (C) (C) (A) (J/s) (J/s) (J/s)
2.01 0.8398 0.0 3.5 0. 500D-05 15.0 17.0 19.9 17.0 19.0 19.5 0.072 0.60 0.05 0.55











Nu Sh Re Grh Grm Pr Sc
2.01 0. 6028D-02 1.0251 0.01196 4.0870 0.606D-05 4.4 198.3 0.0 0.466D+07 0.168D+07 8.1 1924.4


































3.01 0.8398 0.0 3.8 0.500D-05 17.0 18.0 22.6 18.0 19.0 20.0 0.085 0.82 0.19 0.63
3.02 0.8398 0.0 5.8 0.500D-05 18.0 23.0 29.2 22.0 25.0 20.0 0.191 4.16 0.36 3.80
3.03 0.8398 0.0 8.1 0. 500D-05 21.0 28.0 39.5 26.0 33.0 20.0 0.300 10.30 0.67 9.63











Nu Sh Re Grh Grm Pr Sc
3.01 0.6064D-02 1.0242 0.01145 4.0869 0.637D-05 5.2 207.5 0.0 0.515D+07 0.183D+07 7.7 1754.1
3.02 0.6127D-02 1.0226 0.01062 4.0868 0.695D-05 12.8 288.2 0.0 0. 161D+08 0.21 2D+07 7.1 1493.2
3.03 ’ 0.6221D-02 1.0197 0.00946 4.0865 0.794D-05 20.3 353.2 0.0 0.362D+08 0.265D+07 6.2 1168.5
3.04 0.6334D-02 1.0155 0.00822 4.0861 0. 935D-05 24.3 405.9 0.0 0. 878D+08 0.348D+07 5.3 866.0
DATE 28-4-82





























4.01 0.8322 21.2 6.9 0.500D-05 17.0 18.5 21.2 18.0 19.0 20.6 0.095 1.03 0. 12 0.91
4.02 0.8322 21.2 8.2 0.500D-05 19.0 22.0 30.0 21.0 21.0 20.6 0.192 4.22 0.52 3.70
4.03 0.8322 21.2 10.6 0.500D-05 21.0 29.0 41.3 30.0 39.0 20.6 0.300 10.31 0.55 9.75
4.04 0.8322 21.2 14.5 0.500D-05 23.0 31.0 52.4 30.0 39.0 20.6 0.393 17.68 1.16 16.52
4.05 0.8322 21.2 14.8 0.500D-05 26.0 35.0 66.1 33.0 43.0 20.6 0.493 27.83 1.80 26.03
4.06 0.8322 21.2 17.8 0.500D-05 29.0 40.5 82.8 38.0 53.0 20.6 0.611 42.75 2.44 40.30











Nu Sh Re Grh Grm Pr Sc
4.01 0.6060D-02 1.0243 0.01151 4.0869 0.633D-05 8.9 379.6 817.9 7.8 1774.4
4.02 0. 6134D-02 1.0224 0.01052 4.0868 0.703D-05 14.4 402.8 893.5 7.0 1463.4
4.03 ’ 0.6233D-02 1.0193 0.00933 4.0865 0.807D-05 18.5 456.5 1004.5 6.1 1133.1
4.04 0.6305D-02 1.0167 0.00853 4.0862 0.896D-05 23.5 560.7 1095.7 5.5 936.6
4.05 0.6399D-02 1.0127 0.00756 4.0858 0.103D-04 27.8 500.5 1231.2 4.8 724.7
4.06 0.6501D-02 1.0072 0.00658 4.0853 0.121D-04 31.8 512.2 1406.6 4.1 540.0


































5.01 0.8322 56.6 11.0 0.500D-05 15.0 16.0 17.8 16.0 17.0 20.6 0.087 0.86 0.04 0.82
5.02 0.8322 56.6 12.1 0.500D-05 16.0 17.5 24.1 17.0 20.0 20.6 0.187 3.99 0.21 3.78
5.03 0.8322 56.6 14.1 0.500D-05 17.0 21.5 31.9 21.0 27.0 20.6 0.290 9.63 0.38 9.24
5.04 0.8322 56.6 16.7 0.500D-05 20.0 26.0 43.8 25.0 34.0 20.6 0.409 19.15 0.82 18.34











Nu Sh Re Grh Grm Pr Sc
5.01 0. 6014D-02 1.0254 0.01217 4.0871 0.594D-05 11.9 643.1 2067.6 8.3 1998.0
5.02 0. 6059D-02 1.0243 0.01151 4.0870 0.633D-05 21.7 662.5 2182.8 7.8 1775.7
5.03 0.6123D-02 1.0227 0.01067 4.0868 0.691D-05 26.1 707.1 2352.4 7.1 1508.7
5.04 0.6222D-02 1.0197 0.00945 4.0865 0.796D-05 33.1 728.6 2648.5 6.2 1164.5


































6.01 0.8322 55.5 19.2 0.500D-05 23.0 30.0 56.4 29.0 45.0 20.6 0.521 31.08 1.15 29.93
6.02 0.8322 55.5 21.8 0.500D-05 26.0 34.0 69.2 32.0 52.0 20.6 0.628 45.16 1.65 43.51











Nu Sh Re Grh Grm Pr Sc
6.01 0.6317D-02 1.0162 0.00839 4.0862 0.912D-05 39.3 732.1 2912.7 5.4 905.6
6.02 0.6407D-02 1.0123 0.00748 4.0858 0.104D-04 44. H 725.0 3256.3 4.8 708.6
6.03 0.6477D-02 1.0086 0.00680 4.0854 0.116D-04 49.2 727.2 3568.1 4.3 579.1
DATE 29-4-82





























7.01 0.8322 119.2 17.9 0.500D-05 16.0 17.5 22.6 17.0 21.0 20.6 0.185 3.94 0.07 3.87
7.02 0.8322 119.2 19.6 0.500D-05 18.0 19.0 28.9 19.0 24.0 20.6 0.267 8.16 0.28 7.88
7.03 0.8322 119.2 22.4 0. 500D-05 21.0 22.5 40.3 22.0 32.0 20.6 0.406 18.87 0.62 18.25
7.04 0.8322 119.2 24.2 0.500D-05 22.0 24.5 47.5 24.0 39.0 20.6 0.497 28.28 0.78 27.50
7.05 0.8322 119.2 27.1 0.500D-05 25.0 27.5 58.9 2 7.0 45.0 20.6 0.611 42.75 1.21 41.54











Nu Sh Re Grh Grm Pr Sc
7.01 ’ 0.6052D-02 1.0245 0.01161 4.0870 0.627D-05 26.5 992.9 4558.7 7.8 1808.3
7.02 0.6107D-02 1.0231 0.01087 4.0868 0.676D-05 36.4 1007.4 4861.6 7.3 1571.9
7.03 0.6200D-02 1.0204 0.00970 4.0866 0.771D-05 47.3 1007.7 5434.4 6.4 1232.7
7.04 0.6249D-02 1.0188 0.00914 4.0864 0.826D-05 52.6 1018.4 5758.2 6.0 1086.1
7.05 0.6333D-O2 1.0155 0.00822 4.0861 0.934D-05 60.4 1006.8 6380.6 5.3 867.1


































8.01 0.8322 155.2 19.1 0.500D-05 17.0 17.0 22.6 17.0 19.0 20.6 0.175 3.49 0.17 3.32
8.02 0.8322 155.2 21.3 0.500D-05 19.0 20.0 30.8 20.0 26.0 20.6 0.298 10.17 0.31 9.85
8.03 0.8322 155.2 21.5 0. 500D-05 21.0 22.5 39.6 22.0 33.0 20.6 0.415 19.72 0.54 19.18
8.04 0.8322 155.2 23.8 0.500D-05 23.0 25.0 47.4 24.0 38.0 20.6 0.507 29.43 0.81 28.62
8.05 0.8322 155.2 28.7 0.500D-05 26.0 27.5 57.0 27.0 44.0 20.6 0.602 41.50 1.13 40.37











Nu Sh Re Grh Grm Pr Sc
8.01 0. 6060D-02 1.0243 0.01151 4.0870 0.633D-05 32.5 1046.3 5986.5 7.8 1774.9
8.02 0.6129D-02 1.0225 0.01058 4.0868 0.698D-05 42. 1 1060.7 6499.4 7.1 1483.9
8.03 0.6197D-02 1.0205 0.00974 4.0866 0.768D-05 51.7 974.3 7047.3 6.4 1243.6
8.04 ’ 0.6259D-02 1.0184 0.00903 4.0864 0.839D-05 57.9 987.6 7590.5 5.9 1057.0
8.05 0.6333D-02 1.0155 0.00822 4.0861 0.934D-05 65.8 1066.5 8309.7 5.3 866.6


































9.01 0.8319 192.3 20.0 0.500D-05 14.0 16.0 20.0 16.0 18.0 17.3 0.190 4. 14 0. 12 4.02
9.02 0.8319 192.3 21.8 0.500D-05 17.0 17.5 28.0 17.0 25.0 17.3 0.295 9.96 0.25 9.71
9.03 0.8319 192.3 24.0 0.500D-05 19.0 19.5 35.2 19.0 31.0 17.3 0.391 17.50 0.43 17.08
9.04 0.8319 192.3 28.5 0.500D-05 23.0 24.5 52.1 24.0 45.0 17.3 0.600 41.22 0.90 40.32











Nu Sh Re Grh Grm Pr Sc
9.01 0.6015D-02 1.0254 0.01216 4.0871 0.595D-05 28.0 1168.1 7031.1 8.3 1994.0
9.02 ’ 0.6086D-02 1.0237 0.01114 4.0869 0.657D-05 46.6 1150.0 7657.9 7.5 1655.9
9.03 0.6146D-02 1.0220 0.01036 4.0867 0.715D-05 55.9 1165.9 8221.6 6.9 1418.4
9.04 0.6277D-02 1.0178 0.00883 4.0863 0.860D-05 70.3 1149.5 9605.3 5.8 1009.3


































10.01 1.0116 0.0 7.0 0.500D-05 19.0 22.0 29.0 22.0 24.0 17.2 0.192 4.22 0.42 3.80
10.02 1.0116 18.1 9.3 0.500D-05 17.0 20.5 28.0 21.0 23.5 17.2 0.189 4.09 0.38 3.71
10.03 1.0116 49.2 13.9 0.500D-05 17.0 18.0 24.0 18.0 22.0 17.2 0.185 3.92 0.17 3.75
10.04 1.0116 70.6 16.7 0.500D-05 17.0 18.0 23.0 18.0 22.0 17.2 0.185 3.92 0.12 3.80
10.05 1.0116 107.8 19.8 0.500D-05 17.0 19.0 22.0 19.0 21.0 17.2 0. 184 3.88 0.13 3.75
10.06 1.0116 119.2 21.5 0.500D-05 17.0 17.0 22.0 17.0 21.0 17.2 0.183 3.83 0.09 3.75
10.07 1.0116 142.9 23.8 0.500D-05 17.0 17.0 22.0 17.0 21.0 17.2 0.182 3.79 0.09 3.71
10.08 1.0116 166.7 25.9 0.500D-05 17.0 17.0 22.0 17.0 20.0 17.2 0.181 3.76 0.13 3.63











Nu Sh Re Grh Grm Pr Sc
10.01 0.6130D-02 1.0225 0.01057 4.0868 0.699D-05 16.0 349.9 0.0 0.130D+08 0.213D+07 7.0 1480.2
10.02 0.6100D-02 1.0233 0.01096 4.0869 0.670D-05 14.1 482.2 732.7 7.3 1597.6
10.03 0.6070D-02 1.0241 0.01136 4.0869 0.643D-05 25.8 752.1 1922.4 7.6 1725.8
10.04 0.6066D-02 1.0242 0.01143 4.0869 0.639D-05 30.0 907.5 2743.5 7.7 1746.5
10.05 0.6066D-02 1.0242 0.01143 4.0869 0.639D-05 29.6 1074.8 4189.1 7.7 1746.5
10.06 0.6057D-02 1.0244 0.01155 4.0870 0.631D-05 41.5 1186.3 4581.5 7.8 1788.8
10.07 0.6057D-02 1.0244 0.01155 4.0870 0.631D-05 41.0 1313.3 5492.4 7.8 1788.8
10.08 0.6057D-02 1.0244 0.01155 4.0870 0.631D-05 40.1 1427.7 6407.2 7.8 1788.8
10.09 0.6057D-02 1.0244 0.01155 4.0870 0.631D-05 40.1 1525.2 7206.6 7.8 1788.8
DATE 23-8-82














Nu Sh Re Grh Grm Pr Sc
11.01 0.616 ID-02 1.0216 0.01018 4.0867 0.730D-05 22.7 450.1 0.0 0.272D+08 0.230D+07 6.7 1364.4
11.02 0.6214D-02 1.0199 0.00954 4.0865 0.787D-05 19.8 468.7 602.5 6.3 1189.1
11.03 0.6192D-02 1.0206 0.00980 4.0866 0.763D-05 25.8 570.9 1273.4 6.5 1258.9
11. 04 0.6184D-02 1.0209 0.00990 4.0866 0.753D-05 28.4 620.6 1541.6 6.5 1288.1
11.05 0.6161D-02 1.0216 0.01018 4.0867 0.730D-05 30.1 735.5 2045.4 6.7 1364.4
11.06 0.6157D-02 1.0217 0.01023 4.0867 0.725D-05 31.2 876.3 3151.5 6.8 1380.3
11.07 0.6143D-02 1.0221 0.01040 4.0867 0.712D-05 39.3 986.8 3672.5 6.9 1429.3
11.08 0. 6134D-02 1.0224 0.01051 4.0868 0.703D-05 47.4 1147.6 4598.8 7.0 1463.0
11.09 0.6125D-02 1.0226 0.01063 4.0868 0.694D-05 47.7 1281.5 6138.6 7.1 1497.6
11.10 0.6116D-02 1.0229 0.01075 4.0868 0.685D-05 48.0 1446.0 7409.6 7.2 1533.1
11.11 0.6107D-02 1.0231 0.01087 4.0868 0.677D-05 60.6 1586.9 8109.6 7.3 1569.6
11.12 0.6107D-02 1.0231 0.01087 4.0868 0.677D-05 62.0 1673.7 9419.7 7.3 1569.6





























11.01 1.0189 0.0 9.5 0.500D-05 18.0 23.0 37.0 23.0 21.0 18.3 0.310 11.00 0.97 10.03
11.02 1.0189 13.0 10.6 0.500D-05 21.0 26.0 40.0 26.0 30.0 18.3 0.290 9.63 0.81 8.82
11.03 1.0189 28.2 12.5 0.500D-05 21.0 24.0 37.0 24.0 29.0 18.3 0.291 9.70 0.65 9.05
11.04 1.0189 34.5 13.5 0.500D-05 21.0 23.0 36.0 23.0 29.0 18.3 0.288 9.50 0.57 8.92
11.05 1.0189 47.0 15.5 0.500D-05 20.0 22.0 34.0 22.0 27.5 18.3 0.286 9.37 0.51 8.85
11.06 1.0189 72.8 18.3 0.500D-05 20.0 21.0 34.0 21.0 27.0 18.3 0.282 9.11 0.51 8.59
11.07 1.0189 86.2 20.2 0.500D-05 20.0 21.0 31.0 21.0 26.0 18.3 0.281 9.04 0.39 8.65
11.08 1.0189 109.1 23.2 0.500D-05 20.0 20.0 30.0 20.0 25.0 18.3 0.281 9.04 0.36 8.68
11.09 1.0189 147.2 25.6 0.500D-05 19.5 20.0 29.0 20.0 24.5 18.3 0.281 9.04 0.33 8.71
11.10 1.0189 179.6 28.5 0. 500D-05 19.0 20.0 28.0 20.0 24.5 18.3 0.281 9.04 0.28 8.76
11.11 1.0189 198.7 30.9 0.500D-05 19.0 19.0 27.0 19.0 23.0 18.3 0.282 9.11 0.27 8.84
11.12 1.0189 230.8 32.6 0.500D-05 19.0 19.0 27.0 19.0 23.0 18.3 0.285 9.30 0.27 9.03
11.13 1.0189 267.8 35.2 0. 500D-05 19.0 19.0 27.0 19.0 23.0 18.3 0.284 9.24 0.27 8.97
369
DATE 24-8-82





























12.01 1.0189 0.0 10.9 0.500D-05 22.0 27.0 50.0 27.0 33.0 18.3 0.407 18.97 1.24 17.72
12.02 1.0189 21.0 12.6 0.500D-05 22.0 28.0 50.0 28.0 33.0 18.3 0.398 18.14 1.26 16.87
12.03 1.0189 43.2 15.5 0.500D-05 20.5 23.0 44.0 23.0 32.0 18.3 0.392 17.59 0.89 16.70
12.04 1.0189 96.8 19.7 0.500D-05 20.0 20.0 37.0 20.0 29.0 18.3 0.389 17.33 0.57 16.75
12.05 1.0189 94.5 20.3 0.500D-05 20.0 20.0 36.0 20.0 28.0 18.3 0.388 17.24 0.56 16.68
12.06 1.0189 114.3 22.1 0.500D-05 19.0 19.0 35.0 19.0 27.0 18.3 0.386 17.06 0.53 16.53
12.07 1.0189 144.5 24.7 0.500D-05 18.0 18.0 33.0 18.0 27.0 18.3 0.382 16.71 0.42 16.29
12.08 1.0189 214.3 29.1 0.500D-05 18.0 18.0 31.0 18.0 26.0 18.3 0.381 16.62 0.35 1 6.27
12.09 1.0189 258.7 31.2 0.500D-05 18.0 18.0 30.0 18.0 26.0 18.3 0.378 16.36 0.30 16.06











Nu Sh Re Grh Grm Pr Sc
12.01 0.6270D-02 1.0180 0.00891 4.0863 0.852D-05 28.7 445.4 0.0 0.562D+08 0.298D+07 5.8 1027.4
12.02 0.6274D-02 1.0178 0.00886 4.0863 0.857D-05 26.5 511.3 1045.8 5.8 1016.0
12.03 0.6214D-02 1.0199 0.00954 4.0865 0.787D-05 34.6 686.0 2002.2 6.3 1189.1
12.04 0.6166D-02 1.0214 0.01012 4.0867 0.735D-05 53.5 930.9 4235.1 6.7 1348.8
12.05 0.6161D-02 1.0216 0.01018 4.0867 0.730D-05 56.7 966.0 4112.6 6.7 1364.4
12.06 0.6143D-02 1.0221 0.01040 4.0867 0.712D-05 56.3 1076.9 4869.7 6.9 1429.3
12.07 0.6121D-02 1.0227 0.01069 4.0868 0.690D-05 59.5 1243.2 5993.7 7.1 1515.2
12.08 0.6112D-02 1.0230 0.01081 4.0868 0.681D-05 68.6 1482 .7 8793.6 7.2 1551.2
12.09 0.6107D-02 1.0231 0.01087 4.0868 0.677D-05 73.4 1598.7 10558.4 7.3 1569.6


































13.01 1.0140 69.8 15.2 0.500D-05 18.0 18.0 23.0 18.0 19.0 18.3 0.197 4.44 0.21 4.23
13.02 1.0140 69.8 17.5 0.500D-05 19.0 22.0 29.0 22.0 23.0 18.3 0.322 11.87 0. 44 11.44
13.03 1.0140 69.8 19.0 0.500D-05 22.0 22.0 34.0 22.0 25.0 18.3 0.413 19.53 0.59 18.94
13.04 1.0140 69.8 20.9 0.500D-05 21.0 23.0 36.0 23.0 26.0 18.3 0.504 29.08 0.69 28.40











Nu Sh Re Grh Grm Pr Sc
13.01 0.6075D-02 1.0240 0.01130 4.0869 0.647D-05 46.7 817.5 2742.3 7.6 1705.3
13.02 • 0. 6130D-02 1.0225 0.01057 4.0868 0.699D-05 48.1 868.1 2926.5 7.0 1460.2
13.03 0.6179D-02 1.0210 0.00996 4.0866 0.749D-05 85.6 881.5 3102.5 6.6 1302.9
13.04 0. 6184D-02 1.0209 0.00990 4.0866 0.753D-05 90.5 964.7 3118.9 6.5 1288.1
13.05 0.6240D-02 1.0191 0.00924 4.0864 0.816D-05 98.7 1037.6 3336.9 6.1 1111.1
DATE 26-8-82





























14.01 1.0129 0.0 5.8 0.500D-05 14.7 18.1 26.4 18.1 21.4 17.5 0.176 3.55 0.34 3.20
14.02 1.0129 18.4 7.8 0.500D-05 13.1 17.7 24.1 17.7 21.9 17.5 0.169 3.27 0.21 3.06











Nu Sh Re Grh Grm Pr Sc
14.01 0.6061D-02 1.0243 0.01150 4.0869 0.634D-05 11.7 315.9 0.0 0.116D+08 0.181D407 7.8 1769.6
14.02 0.6033D-02 1.0250 0.01188 4.0870 0.610D-05 10.9 442.0 687.9 8. 1 1899.7


































15.01 1.0132 0.0 7.2 0.500D-05 14.0 20.4 25.2 20.4 21.9 16.7 0.162 3.00 0.33 2.67
15.02 1.0132 5.8 11.7 0.500D-05 14.3 18.0 24.0 18.0 22.0 16.7 0.156 2.80 0.21 2.59











Nu Sh Re Grh Grm Pr Sc
15.01 0.6059D-02 1.0243 0.01152 4.0870 0.633D-05 8.4 396.7 0.0 0.134D+08 0.181D-»07 7.8 1776.0
15.02 0.6045D-02 1.0247 0.01171 4.0870 0. 621D-05 10.7 654.1 220.0 7.9 1841.1


































16.01 1.0114 0.0 6.5 0.500D-05 16.3 21.9 33.4 21.9 25.8 16.9 0.252 7.27 0.62 6.65
16.02 1.0114 28.3 9.3 0.500D-05 17.1 20.8 31.3 20.8 26.8 16.9 0.243 6.76 0.44 6.32
16.03 1.0114 51.7 12. 1 0.500D-05 16.1 18.2 27.7 18.2 25.7 16.9 0.241 6.65 0.25 6.40
16.04 1.0114 83.3 14.6 0.500D-05 15.6 17.1 25.8 17.1 25.1 16.9 0.237 6.43 0.15 6.28
16.05 1.0114 122.4 17.2 0.500D-05 15.6 16.2 24.2 16.2 24.0 16.9 0.233 6.22 0.09 6.13
16.06 1.0114 157.9 19.3 0.500D-05 15.6 15.9 22.5 15.9 23.0 16.9 0.231 6.11 0.03 6.08
16.07 1.0114 204.1 21.4 0.500D-05 14.8 15.5 22.6 15.5 22.3 16.9 0.230 6.06 0.07 5.99











Nu Sh Re Grh Grm Pr Sc
16.01 0.6125D-02 1.0226 0.01064 4.0868 0.694D-05 16.0 323.5 0.0 0.223D+08 0.211D+07 7.1 1499.3
16.02 0.6118D-02 1.0228 0.01073 4.0868 0.687D-05 19.3 470.7 1169.4 7.2 1527.7
16.03 0.6080D-02 1.0238 0.01123 4.0869 0.652D-05 25.8 643.6 2043.5 7.5 1683.1
16.04 0. 6062D-02 1.0243 0.01148 4.0869 0.635D-05 29.7 799.2 3221.1 7.7 1765.4
16.05 0.6050D-02 1.0246 0.01165 4.0870 0.625D-05 36.9 957.7 4668.3 7.9 1819.1
16.06 0.6041D-02 1.0248 0.01178 4.0870 0.617D-05 46.8 1087.1 5956.0 8.0 1863.4
16.07 0.6032D-02 1.0250 0.01190 4.0870 0.609D-05 39.2 1219.1 7617.9 8.1 1906.6


































17.01 1.0160 0.0 8.8 0.500D-05 18.7 24.4 45.4 24.4 33.3 16. 1 0.361 14.92 1.03 13.89
17.02 1.0160 14.9 9.0 0.500D-05 15.2 26.1 44.8 26.1 35.0 16.1 0.343 13.47 1.01 12.46
17.03 1.0160 27.3 10.4 0.500D-05 17.7 23.5 41.7 23.5 33.3 16.1 0.333 12.70 0.82 11.87
17.04 1.0160 59.4 13.2 0.500D-05 16.3 19.3 34.7 19.3 29.9 16.1 0.323 11.95 0.50 11.44
17.05 1.0160 106. 1 16.6 0.500D-05 16.5 17.0 30.7 17.0 28.3 16.1 0.323 11.95 0.30 11.65
17.06 1.0160 160.0 19.6 0.500D-05 14.4 16.5 28.9 16.5 27.5 16.1 0.328 12.32 0.24 12.07
17.07 1.0160 202.0 21.2 0.500D-05 15.6 16.8 27.1 16.8 27.8 16.1 0.326 12.17 0.13 12.04
17.08 1.0160 256.0 23.7 0.500D-05 15.6 16.8 27.1 16.8 27.3 16.1 0.327 12.24 0.15 12.09











Nu Sh Re Grh Grm Pr Sc
17.01 0.6211D-02 1.0200 0.00958 4.0865 0.783D-05 23.1 392.5 0.0 0.442D+08 0.259D+07 6.3 1200.0
17.02 0. 6185D-02 1.0209 0.00989 4.0866 0.755D-05 16.7 414.2 666.8 6.5 1283.6
17.03 0.6182D-02 1.0210 0.00993 4.0866 0.751D-05 21.6 480.0 1217.3 6.6 1294.0
17.04 0. 6119D-02 1.0228 0.01071 4.0868 0.688D-05 29.3 667.8 2458.5 7.2 1522.4
17.05 0.6092D-02 1.0235 0.01107 4.0869 0.663D-05 43.6 870.8 4253.5 7.4 1632.0
17.06 0.6062D-02 1.0243 0.01148 4.0869 0.635D-05 40.2 1072.0 6190.4 7.7 1763.3
17.07 0.6066D-02 1.0242 0.01142 4.0869 0.639D-05 52.4 1149.4 7854.1 7.7 1744.4
17.08 0.6066D-02 1.0242 0.01142 4.0869 0.639D-05 52.6 1287.3 9953.7 7.7 1744.4


































18.01 1.0143 0.0 10.5 0.500D-05 17.7 27.5 56.8 27.5 42.9 16.5 0.454 23.60 1.37 22.23
18.02 1.0143 27.3 12.3 0.500D-05 17.7 27.5 54.6 27.5 42.9 16.5 0.440 22.17 1.25 20.92
18.03 1.0143 82.7 16.5 0.500D-05 16.8 19.5 42.9 19.5 37.8 16.5 0.438 21.97 0.64 21.32
18.04 1.0143 144.0 20.1 0.500D-05 15.9 17.7 38.1 17.7 36.8 16.5 0.437 21.87 0.40 21.47
18.05 1.0143 206.9 22.8 0.500D-05 15.8 16.5 35.5 16.5 34.7 16.5 0.432 21.37 0.31 21.06
18.06 1.0143 260.9 23.4 0.500D-05 15.8 16.7 34.7 16.7 35.2 16.5 0.433 21.47 0.25 21.22
18.07 1.0143 300.0 25.8 0.500D-05 15.7 16.3 33.1 16.3 33.1 16.5 0.431 21.27 0.23 21.04











Nu Sh Re Grh Grm Pr Sc
18.01 0. 6264D-02 1.0182 0.00897 4.0864 0.845D-05 24.3 433.1 0.0 0.819D+08 0.294D+07 5.8 1042.4
18.02 0. 6255D-02 1.0185 0.00907 4.0864 0.834D-05 24.0 512.7 1328.7 5.9 1068.3
18.03 0.6161D-02 1.0216 0.01018 4.0867 0.730D-05 40.3 786.7 3599.1 6.7 1364.4
18.04 0. 6124D-02 1.0227 0.01065 4.0868 0. 692D-05 48.9 1007.0 5992.2 7.1 1504.6
18.05 0.6105D-02 1.0232 0.01089 4.0868 0.675D-05 56.7 1171.4 8426.0 7.3 1577.0
18.06 0.6103D-02 1.0232 0.01093 4.0868 0.672D-05 58.8 1207.7 10590.7 7.3 1588.2
18.07 0.6093D-02 1.0235 0.01106 4.0869 0.663D-05 64.3 1353.7 12033.4 7.4 1630.1
18.08 0.6088D-02 1.0236 0.01112 4.0869 0.659D-05 68.9 1431.4 14078.5 7.5 1649.5
376
APPENDIX A6.9 MASS AND HEAT TRANSFER DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF ONE OR
MORE LAYERS OF GLASS SPHERICAL PARTICLES ON THE HEATED CATHODE
TABLE A6.9.1.1 Ir - N  DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 1 LAYER OF 3MM GLASS
L 
SPHERICAL PARTICLES ON THE HEATED CATHODE
DATE 6-9-82





























1.01 1.0121 0.0 K.3 0.500D-05 18.8 25.9 33.1 25.9 27.1 16.6 0.164 3.08 0.70 2.38
1.02 1.0121 24.6 6.1 0.500D-05 18.3 25.3 32.1 25.3 26.9 16.6 0.148 2.52 0.64 1.87
1.03 1.0121 51.3 11.0 0.500D-05 17.8 20.4 26.1 20.4 25.1 16.6 0.149 2.55 0.26 2.29
1.04 1.0121 94.2 14.5 0.500D-05 16.9 19.4 24.4 19.4 24.3 16.6 0.148 2.50 0.18 2.32
1.05 1.0121 94.5 16.3 0. 500D-05 17.0 18.0 23.1 18.0 22.7 16.6 0.147 2.47 0.14 2.33
1.06 1.0121 122.4 19.8 0.500D-05 17.5 17.8 22.1 17.8 22.7 16.6 0.148 2.50 0.07 2.44
1.07 1.0121 157.9 23.5 0.500D-05 17.1 17.4 22.0 17.4 21.4 16.6 0.147 2.46 0. 11 2.35











Nu Sh Re Grh Grm Pr Sc
1.01 0.6164D-02 1.0215 0.01015 4.0867 0.732D-05 6.0 204.3 0.0 0.245D+08 0.231D407 6.7 1356.6
1.02 0.6152D-02 1.0219 0.01030 4.0867 0.720D-05 4.9 293.0 1058.4 6.8 1398.9
1.03 0.6098D-02 1.0233 0.01098 4.0869 0.668D-05 11.6 571.6 2071.7 7.4 1606.1
1.04 0. 6078D-02 1.0239 0.01126 4.0869 0.649D-05 12.8 773.4 3712.1 7.6 1694.2
1.05 0.6066D-02 1.0242 0.01142 4.0869 0.639D-05 18.1 886.0 3674.3 7.7 1744.4
1.06 0.6065D-02 1.0242 0.01143 4.0869 0.638D-05 27.5 1079.7 4753.9 7.7 1748.6
1.07 0. 6060D-02 1.0243 0.01151 4.0869 0.633D-05 25.4 1290.5 6092.4 7.8 1773.9


































2.01 1.0116 0.0 9.6 0.500D-05 23.9 33.8 48.6 33.8 35.6 16.3 0.260 7.74 1.39 6.35
2.02 1.0116 12.0 10.0 0.500D-05 21.4 31.9 46.4 31.9 35.0 16.3 0.246 6.93 1.28 5.65
2.03 1.0116 53.3 13.7 0.500D-05 19.8 23.9 37.4 23.9 32.9 16.3 0.243 6.76 0.68 6.09
2.0^ 1 1.0116 85.7 17.3 0.500D-05 19.8 21.7 32.6 21.7 28.6 16.3 0.240 6.60 0.51 6.09
2.05 1.0116 109.1 20.2 0.500D-05 19.5 20.8 29.8 20.8 26.4 16.3 0.238 6.49 0.41 6.08











Nu Sh Re Grh Grm Pr Sc
2.01 * 0.6308D-02 1.0165 0.00849 4.0862 0.901D-05 9.8 370.7 0.0 0.679D+08 0.327D407 5.5 927.0
2.02 0.6270D-02 1.0180 0.00891 4.0863 0.851D-05 8.5 407.9 594.4 5.8 1028.0
2.03 0.6183D-02 1.0209 0.00992 4.0866 0.752D-05 15.1 632.1 2379.1 6.6 1291.0
2.04 0.6152D-02 1.0219 0.01030 4.0867 0.720D-05 22.3 834.5 3687.4 6.8 1398.9
2.05 0.6132D-02 1.0224 0.01054 4.0868 0.701D-05 28.8 1002.2 4587.7 7.0 1470.7


































3.01 1.0180 0.0 11.7 0.500D-05 21.0 29.8 50.8 29.8 37. 1 15.6 0.345 13.63 1.35 12.28
3.02 1.0180 35.7 12.5 0.500D-05 18.3 25.1 47.5 25.1 37.1 15.6 0.334 12.77 1.10 11.67
3.03 1.0180 103.8 18.9 0.500D-05 16.3 19.3 34.1 19.3 32.4 15.6 0.324 12.02 0.43 11.59
3.04 1.0180 140.6 22.1 0.500D-05 16.3 17.5 31.0 17.5 31.0 15.6 0.324 12.02 0.27 11.75
3.05 1.0180 189.9 24.7 0.500D-05 16.3 17.8 35.3 17.8 29.3 15.6 0.322 11.87 0.57 11.30











Nu Sh Re Grh Grm Pr Sc
3.01 • 0.6277D-02 1.0178 0.00883 4.0863 0.860D-05 17.0 472.2 0.0 0.675D+08 0.303D+07 5.8 1009.3
3.02 0. 6219D-02 1.0198 0.00948 4.0865 0.792D-05 17.4 546.3 1664.5 6.2 1173.7
3.03 0.6116D-02 1.0229 0.01075 4.0868 0.685D-05 30.6 959.1 4281.2 7.2 1534.0
3.04 0.6094D-02 1.0235 0.01104 4.0869 0.664D-05 40.6 1154.1 5648.8 7.4 1624.3
3.05 0.6115D-02 1.0229 0.01077 4.0868 0.684D-05 30.2 1253.5 7821.9 7.2 1538.5


































4.01 1.0212 0.0 14.0 0.500D-05 19.8 36.1 62.1 36.1 43.3 16.9 0.390 17.42 2.01 15.41
4.02 1.0212 35.5 14.8 0.500D-05 18.9 32.9 59.6 32.9 44.5 16.9 0.379 16.45 1.76 14.68
4.03 1.0212 68.2 16.5 0.500D-05 17.3 24.4 47.7 24.4 38.6 16.9 0.379 16.45 1.10 15. 34
4.04 1.0212 102.6 19.6 0.500D-05 15.8 19.8 41.3 19.8 36.7 16.9 0.376 16.19 0.71 15.47
4.05 1.0212 138.5 23.3 0.500D-05 15.8 17.8 37.1 17.8 33.8 16.9 0.374 16.02 0.53 15.48
4.06 1.0212 179.1 27.5 0.500D-05 14.3 16.3 34.3 16.3 31.4 16.9 0.378 16.36 0.45 15.92











Nu Sh Re Grh Grm Pr Sc
4.01 0.6339D-02 1.0153 0.00817 4.0861 0.941D-05 13.9 516.4 0.0 0.130D+09 0.353D+07 5.3 854.5
4.02 0.6308D-02 1.0165 0.00849 4.0862 0.900D-05 14.2 569.6 1842.9 5.5 927.5
4.03 0.6209D-02 1.0201 0.00961 4.0865 0.780D-05 22.1 736.0 3139.6 6.3 1206.8
4.04 0.6146D-02 1.0220 0.01036 4.0867 0.715D-05 28.6 952.9 4386.4 6.9 1418.5
4.05 0.6119D-02 1.0228 0.01072 4.0868 0.688D-05 36.3 1174.9 5730.9 7.2 1523.2
4.06 0.6085D-02 1.0237 0.01116 4.0869 0.656D-05 39.8 1453.2 7121.6 7.5 1661.3
4.07 0.6081D-02 1.0238 0.01122 4.0869 0.652D-05 40.9 1596.7 8479.6 7.5 1679.1
380
TABLE A6.9.1.2 IT -N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 2 LAYERS OF 3MM GLASS
SPHERICAL PARTICLES ON THE HEATED CATHODE
DATE 9-9-82





























1.01 1.0125 0.0 4.5 0.500D-05 17.3 28.6 35.7 28.6 25.9 16.5 0.165 3.12 0.94 2.18
1.02 1.0125 61.2 10.3 0.500D-05 15.8 18.3 25.6 18.3 24.7 16.5 0.158 2.86 0.21 2.64
1.03 1.0125 87.6 12.7 0.500D-05 15.8 17.8 22.7 17.8 22.7 16.5 0.152 2.65 0.12 2.53
1.04 1.0125 121.2 15.2 0.500D-05 15.3 16.3 21.5 16.3 22.0 16.5 0.149 2.54 0.05 2.49
1.05 1.0125 159.3 18.8 0.500D-05 15.5 15.8 20.3 15.8 20.3 16.5 0.148 2.51 0.04 2.47











Nu Sh Re Grh Grm Pr Sc
1.01 ’ 0.6174D-02 1.0212 0.01002 4.0867 0.743D-05 4.0 208.5 0.0 0.352D+08 0.237D+07 6.6 1320.3
1.02 0. 6068D-02 1.0241 0.01139 4.0869 0. 641D-05 11.9 558.6 2384.8 7.7 1736.1
1.03 0. 6052D-02 1.0245 0.01161 4.0870 0.627D-05 15.7 703.1 3350.3 7.8 1808.2
1.04 0.6035D-02 1.0249 0.01186 4.0870 0.612D-05 19.2 859.9 4541.3 8.0 1890.6
1.05 0.6029D-02 1.0251 0.01195 4.0870 0.607D-05 27.1 1078.9 5924.3 8.1 1921.7
1.06 0.6017D-02 1.0254 0.01212 4.0870 0. 597D-05 26.2 1321.0 7692.2 8.2 1982.0
DATE 16-9-82





























2.01 1.0095 0.0 8.8 0.500D-05 19.0 35.0 50.4 35.0 38.1 16.3 0.264 7.98 1.43 6.55
2.02 1.0095 26.4 10.9 0.500D-05 17.0 31.4 48.6 31.4 36.4 16.3 0.255 7.45 1.34 6.10
2.03 1.0095 61.2 14.0 0. 500D-05 15.3 21.2 35.7 21.2 29.5 16.3 0.247 6.99 0.67 6.32











Nu Sh Re Grh Grm Pr Sc
2.01 0.6280D-02 1.0176 0.00880 4.0863 0.864D-05 7.4 355.5 0.0 0.841D+08 0.305D+07 5.7 1000.3
2.02 0.6240D-02 1.0190 0.00924 4.0864 0.816D-05 7.1 464.7 1262.4 6.0 1110.5
2.03 ’ 0.6123D-02 1.0227 0.01066 4.0868 0.692D-05 13.1 702.6 2545.3 7.1 1506.4
2.04 0.6077D-02 1.0239 0.01127 4.0869 0.649D-O5 22.6 967.7 4165.8 7.6 1697.2
382
TABLE A6.9.2.1 IT - N  DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 1 LAYER OF 7MM GLASS
L
SPHERICAL PARTICLES ON THE HEATED CATHODE
DATE 26-9-82





























1.01 1.0180 0.0 6.3 0.500D-05 17.3 22.2 28.8 22.2 24.4 15.6 0.165 3.14 0.M8 2.65
1.02 1.0180 37.5 9.2 0.500D-05 15.5 17.5 24.1 17.5 24.1 15.6 0.162 3.01 0.16 2.86
1.03 1.0180 70.6 13.2 0.500D-05 14.5 15.8 20.3 15.8 19.3 15.6 0.155 2.74 0.11 2. 63











Nu Sh Re Grh Grm Pr Sc
1.01 0. 6114D-02 1.0229 0.01077 4.0868 0.684D-05 8.9 320.4 0.0 0.155D+08 0.206D+07 7.2 1540.3
1.02 0.6055D-02 1.0245 0.01158 4.0870 0.629D-05 15.0 505.6 1437.8 7.8 1798.5
1.03 ’ 0. 6020D-02 1.0253 0.01209 4.0870 0.599D-05 20.7 767.4 2596.5 8.2 1968.8
1.04 0. 6016D-02 1.0254 0.01214 4.0870 0.596D-05 22.9 1018.2 4280.1 8.2 1988.0
383
DATE 27-9-82





























2.01 1.0180 0.0 10.9 0.500D-05 20.0 30.0 48.8 30.0 37.4 16.7 0.306 10.76 1.22 9.54
2.02 1.0180 46.9 12.5 0.500D-05 17.5 24.0 41.4 25.5 34.3 16.7 0.307 10.79 0.82 9.97
2.03 1.0180 70.6 15.5 0.500D-05 17.5 20.8 36.2 20.8 32.6 16.7 0.308 10.86 0.52 10.34
2. 0*4 1.0180 111.1 19.4 0.500D-05 16.3 19.5 32.4 19.5 31.2 16.7 0.307 10.79 0.35 10.44











Nu Sh Re Grh Grm Pr Sc
2.01 0.6261D-02 1.0183 0.00901 4.0864 0.840D-05 13.2 451.4 0.0 0.639D+08 0.291D+07 5.9 1052.9
2.02 - 0. 6181D-02 1.0210 0.00994 4.0866 0.750D-05 17.8 576.7 2089.0 6.6 1297.0
2.03 0.6143D-02 1.0221 0.01040 4.0867 0.712D-05 25.7 758.2 3007.1 6.9 1430.1
2.04 0. 6109D-02 1.0231 0.01084 4.0868 0.679D-05 29.7 991.6 4546.6 7.2 1560.4


































3.01 1.0180 0.0 11.7 0.500D-05 21.0 29.8 50.8 29.8 37.1 15.6 0.345 13.63 1.28 12.35
3.02 1.0180 35.7 12.5 0.500D-05 18.3 25.1 47.5 25.1 37.1 15.6 0.334 12.77 1.04 11.73
3.03 1.0180 103.8 18.9 0.500D-05 16.3 19.3 34.1 19.3 32.4 15.6 0.324 12.02 0.39 11.63
3. 04 1.0180 140.6 22.1 0.500D-05 16.3 17.5 31.0 17.5 31.0 15.6 0.324 12.02 0.24 11.78
3.05 1.0180 189.9 24.7 0.500D-05 16.3 17.8 35.3 17.8 29.3 15.6 0.322 11.87 0.54 11.33











Nu Sh Re Grh Grm Pr Sc
3.01 * 0.6277D-02 1.0178 0.00883 4.0863 0.860D-05 17.1 472.2 0.0 0.675D+08 0.303D+07 5.8 1009.3
3.02 0.6219D-02 1.0198 0.00948 4.0865 0. 792D-05 17.5 546.3 1664.5 6.2 1173.7
3.03 0.6116D-02 1.0229 0.01075 4.0868 0.685D-05 30.7 959.1 4281.2 7.2 1534.0
3.04 0. 6094D-02 1.0235 0.01104 4.0869 0.664D-05 40.7 1154.1 5648.8 7.4 1624.3
3.05 0. 6115D-02 1.0229 0.01077 4.0868 0.684D-05 30.3 1253.5 7821.9 7.2 1538.5


































4.01 1.0180 0.0 14.6 0.500D-05 23.9 34.1 64.6 34.1 50.1 15.6 0.441 22.27 1.73 20.54
4.02 1.0180 54.5 16.3 0.500D-05 20.3 25.2 54.8 25.3 46.6 15.6 0.440 22.17 1.15 21.02
4.03 1.0180 129.0 21.8 0.500D-05 19.3 20.8 43.9 20.8 42.3 15.6 0.441 22.27 0.61 21.65
4.04 1.0180 155.2 24.2 0.500D-05 18.3 19.8 39.0 19.8 39.0 15.6 0.437 21.87 0.45 21.42
4.05 1.0180 152.4 28.5 0.500D-05 18.5 18.8 39.5 18.8 39.5 15.6 0.435 21.67 0.43 21.23











Nu Sh Re Grh Grm Pr Sc
4.01 ’ 0.6373D-02 1.0138 0.00781 4.0859 0.991D-05 21.2 512.0 0.0 0.128D+09 0.384D+07 5.0 777.5
4.02 0.6268D-02 1.0181 0.00893 4.0864 0.849D-05 28.5 667.2 2692.8 5.8 1033.7
4.03 0.6193D-02 1.0206 0.00979 4.0866 0.763D-05 44.9 994.2 5828.0 6.5 1257.4
4.04 0. 6158D-02 1.0217 0.01021 4.0867 0.727D-05 52.3 1157.7 6729.3 6.8 1375.5
4.05 0.6158D-02 1.0217 0.01022 4.0867 0.727D-05 54.4 1360.2 6608.3 6.8 1376.3
4.06 0.6143D-02 1.0221 0.01041 4.0867 0.711D-05 60.2 1476.0 11404.6 6.9 1431.8
386
TABLE A6.9.2.2 Iv - N  DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 2 LAYERS OF 7MM GLASS
" L
SPHERICAL PARTICLES ON THE HEATED CATHODE
DATE 29-9-82





























1.01 1.0170 0.0 6.5 0.500D-05 15.6 24.9 3 2.2 24.9 25.1 16.1 0. 183 3.83 0.69 3.14
1.02 1.0170 63.2 9.7 0.500D-05 15.5 17.3 24.2 17.3 22.7 16.1 0.172 3.38 0.19 3.18











Nu Sh Re Grh Grm Pr Sc
1.01 0.6127D-02 1.0226 0.01061 4.0868 0.696D-05 6.7 322.4 0.0 0.256D+08 0.212D+07 7.1 1490.6
1.02 0.6054D-02 1.0245 0.01159 4.0870 0.628D-05 16.8 535.5 2422.4 7.8 1799.6
1.03 0.6024D-02 1.0252 0.01201 4.0870 0.603D-05 24.6 819.8 4161.8 8.1 1943.9
1.07 ’ 0.6004D-02 1.0256 0.01231 4.0871 0. 586D-05 46.1 1445.4 11520.8 8.4 2049.5
387
DATE 1-10-82
BATCH Batch 3 of 0.005M Potassium Ferricyanide/ 0.005M Potassium Ferrocyanide/ 0.5M Sodium Hydroxide solution prepared on 6-9-82
Run No V
























( J /s )
Qf
( J /s )
2.01 1.0170 0 .0 7 .7 0.500D-05 21 .7 31 .2 47 .3 31 .2 37 .6 19.1 0.287 9.43 1.03 8.40
2.02 1.0170 20 .9 9 .8 0.500D-05 20 .0 29.3 45 .4 29 .3 36 .4 19.1 0.274 8.60 0.96 7.64
2.03 1.0170 61.2 11.3 0.500D-05 18.3 21 .5 36 .7 21 .5 32 .4 19.1 0.271 8.41 0 .48 7.93
2.04 1.0170 100.0 16.2 0 . 500D-05 17.8 19.3 31 .2 19.3 28 .8 19.1 0.272 8.47 0.27 8.20
2.05 1.0170 144.6 19.6 0 . 500D-05 17.8 19.0 28.1 19.0 28.1 19.1 0.268 8.22 0.13 8.10
2.06 1.0170 191.5 22.1 0.500D-05 17.5 18.8 26 .9 18.8 28.1 19.1 0.268 8.22 0.06 8.16








(J /g  K)
D
(cm2/s)
Nu Sh Re Grh Grm Pr Sc
2.01 0.6273D-02 1.0179 0.00887 4.0863 0.856D-05 12.8 312.1 0 .0 0.605D+08 0 . 3 0 1D+07 5 .8 1017.7
2 .02 0 . 6243D-02 1.0189 0.00920 4.0864 0. 820D-05 11.8 417.1 1003.0 6 .0 1101.8
2.03 0.6156D-02 1.0217 0.01025 4.0867 0 . 724D-05 19.9 542.3 2645.1 6 .8 1385.1
2.04 0. 6117D-02 1.0229 0.01074 4.0868 0.686D-05 30 .2 818.2 4126.7 7 .2 1532.2
2 .05 0 . 6101D-02 1.0233 0.01095 4.0868 0 . 6 7 1D-05 38 .7 1015.0 5860.2 7 .3 1593.9
2 .0 6 0 . 6092D-02 1.0235 0.01107 4.0869 0 . 662D-05 42.2 1157.4 7675.0 7 .4 1633.0




BATCH Batch 3 of 0.005M Potassium Ferricyanide/ 0.005M Potassium Ferrocyanide/ 0.5M Sodium Hydroxide solution prepared on 6-9-82
Run No V






















( J /s )
QL+Qp
( J /s )
Qf
( J /s )
3.01 1.0170 0 .0 12.7 0 . 500D-05 2J .2 3^.8 58 .6 34 .8 46. 1 18.9 0.407 18.97 1.42 17.55
3.02 1.0170 58 .8 13.6 0.500D-05 20 .3 25.1 48 .2 25.1 41.1 18.9 0.389 17.33 0 .85 16.47
3.03 1.0170 100.0 17.2 0. 500D-05 19.3 23 .4 42.5 23 .4 39 .3 18.9 0.386 17.06 0 .5 8 16.48
3.04 1.0170 160.0 20 .5 0.500D-05 19.3 20 .8 55 .8 20 .8 35 .0 18.9 0.371 15.76 1.39 14.37
3.05 1.0170 209.3 23.1 0.500D-05 18.5 19.5 34.1 19.5 34.1 18.9 0 .368 15.51 0.24 15.27








(J /g  K)
D
(cm2/s)
Nu Sh Re Grh Grm Pr Sc
3.01 ’ 0.6347D-02 1.0150 0.00808 4.0861 0.953D-05 19.7 462.5 0 .0 0.107D+09 0.360D+07 5.2 835.7
3.02 0. 6239D-02 1.0191 0.00925 4.0864 0.815D-05 26 .9 579 .9 2808.8 6.1 1113.0
3.03 0.6199D-02 1.0204 0.00972 4.0866 0.770D-05 32.4 774.1 4549 .8 6.4 1238.2
3.04 0 . 6245D-02 1.0189 0.00919 4.0864 0 . 821D-05 20 .3 868.4 7690.3 6 .0 1098.1
3.05 0.6137D-02 1.0223 0.01048 4.0868 0.706D-05 50 .2 1135.7 8850.7 7 .0 1452.8




TABLE A6.9.3.1 IT -N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 1 LAYER of 12MM GLASS---  jj
SPHERICAL PARTICLES ON THE HEATED CATHODE
DATE 16-9-82
BATCH Batch 2 o f  0.005M Potassium F e r r ic y a n id e /  0.005M Potassium Ferrocyanid e / 0.5M Sodium Hydroxide s o lu t io n  prepared on 6 -9 -8 2
Run No V






















( J /s )
QL+Qp
( J /s )
Qf
(J /s )
1.01 1.0136 0 . 0 6 .8 0.500D-05 18.3 23 .2 29 .5 23 .2 19 .8 19.4 0. 162 2 .99 0 .6 3 2 .3 6
1.02 1.0136 27.1 8 .8 0.500D-05 19.3 21.2 26 .9 21.2 20 .0 19.4 0.158 2.84 0.42 2.42
1.03 1.0136 43 .9 11.8 0.500D-05 17.5 19.0 24 .7 19.0 19.0 19.4 0.154 2 .7 3 0.32 2 .40
1.04 1.0136 97 .6 19.8 0.500D-05 18.0 17.8 22.2 17.8 19.8 19.4 0.152 2.64 0.12 2.52
1.05 1.0136 130.4 22 .5 0.500D-05 18.3 18.8 22 .2 18.8 19.8 19.4 0.151 2 . 62 0.13 2 .49
1.06 1.0136 171.4 26 .3 0.500D-05 17.8 19.0 22 .2 19.0 19.0 19.4 0.147 2.48 0.19 2.29








(J /g  K)
D
(cm2 / s )
Nu Sh Re Grh Grm Pr Sc
1.01 0 . 6131D-02 1.0225 0.01056 4.0868 0.699D-05 8.0 338.0 0 .0 0.163D+08 0.214D+07 7.0 1476.7
1.02 0.6119D-02 1.0228 0.01071 4.0868 0 . 688D-05 13.8 446.5 1121.7 7 .2 1522.4
1.03 0.6083D-02 1.0238 0.01119 4.0869 0.654D-05 15.2 628.9 1742.8 7 .5 1671.2
1.04 0.6070D-02 1.0241 0.01136 4.0869 0.643D-05 34 .8 1067.9 3813.6 7 .6 1725.8
1.05 0 . 6077D-02 1.0239 0.01127 4.0869 0.649D-05 30 .8 1202.1 5135.9 7 .6 1696.2
1.06 0.6074D-02 1.0240 0.01131 4.0869 0.646D-05 22 .6 1413.8 6726.7 7 .6 1709.4





BATCH Batch 2 of 0.005M Potassium Ferricyanide/ 0.005M Potassium Ferrocyanide/ 0.5M Sodium Hydroxide solution prepared on 6-9-82
Run No V



























2.01 1.0248 0 .0 11 .2 0 . 500D-05 24 .7 30 .3 47.7 30 .3 21 .2 17.6 0.313 11.22 1.66 9.56
2.02 1.0248 13.6 12.5 0.500D-05 22 .0 28 .6 45 .5 28 .6 19.8 17.6 0.312 11.15 1.60 9.55
2.0^ 1.0248 75 .0 19.3 0 . 500D-05 20 .8 22 .7 36 .7 22 .7 20 .3 17.6 0.309 10.93 0.99 9.94
2.04 1.0248 106.2 23 .4 0.500D-05 21 .0 23 .2 34.1 23 .2 2 0 .3 17.6 0.306 10.72 0.86 9.87
2 .05 1.0248 147.1 26 .4 0.500D-05 19.8 20 .5 31.4 2 0 .5 20 .3 17.6 0.306 10.72 0.67 10.05
2.06 1.0248 179.6 28 .8 0 . 500D-05 20 .3 20 .3 31.0 20 .3 20 .3 17 .6 0.309 10.93 0.63 10.30








(J /g  K)
D
(cm2/s)
Nu Sh Re Grh Grm Pr Sc
2.01 0.6296D -02 1.0170 0.00862 4.0863 0.885D-05 17.8 437.7 0 .0 0.537D+08 0.318D+07 5.6 957.5
2 .02 0. 6258D-02 1.0184 0.00904 4.0864 0 . 837D-05 17.0 517.2 664.0 5 .9 1061.2
2.03 0.6183D-02 1.0209 0.00991 4.0866 0.753D-05 30.1 890.7 3349.5 6 .5 1289.5
2.04 0 .6 1 76D-02 1.0211 0.01000 4.0866 0.745D-05 35.0 1089.6 4703.1 6 .6 1313.5
2.05 0 .6 1 41D-02 1.0222 0.01043 4.0867 0.709D-05 44.1 1291.5 6248.8 6 .9 1438.4
2 .06 0 .6 1 42D-02 1.0221 0.01041 4.0867 0.711D-05 52.3 1405.6 7641.6 6 .9 1433.4
2.07 0 .6 1 62D-02 1.0216 0.01017 4.0867 0.730D-05 46 .3 1466.4 9535.9 6 .7 1362.9
DATE 17-9-82
BATCH Batch 2 of 0.005M Potassium Ferricyanide/ 0.005M Potassium Ferrocyanide/ 0.5M Sodium Hydroxide solution prepared on 6-9-82
Run No V
























‘ ( J /s )
Qf
(J /s )
3.01 1.0140 0 .0 10.2 0.500D-05 21 .5 28 .6 47 .6 28 .6 21 .0 17.6 0 .330 12.47 1.67 10.80
3.02 1.0140 30 .6 11.7 0.500D-05 19.0 25.1 42.3 25.1 21 .0 17.6 0.320 11.72 1.33 10.39
3.03 1.0140 61.5 15.2 0.500D-05 17.8 20 .3 35.9 20 .3 20 .3 17.6 0.314 11.29 0.93 10.36
3.04 1.0140 84 .5 18.2 0 . 500D-05 17.5 19.0 32.4 19.0 20 .3 17.6 0.311 11.07 0.71 10.36
3.05 1.0140 133.3 21 .5 0.500D-05 17.0 17.8 29 .3 17.8 21 .7 17.6 0 .309 10. 93 0.47 10.47
3.06 1.0140 170.4 24.1 0 . 500D-05 16.3 17.0 27 .6 17.0 22 .5 17.6 0.309 10.93 0.33 10.60
3.07 1.0140 205.5 25 .5 0.500D-05 16.5 17.8 26 .9 17.8 22 .5 17.6 0.307 10.79 0.31 10.48








(J /g  K)
D
(cm2/s)
Nu Sh Re Grh Grm Pr Sc
3.01 0 . 6262D-02 1.0183 0.00899 4.0864 0.843D-05 17.4 421.6 0 .0 0.551D+08 0.293D+07 5 .9 1047.6
3.02 0 . 6203D-02 1.0203 0.00967 4.0866 0.774D-05 19.1 524.6 1399.2 6.4 1224.8
3.03 0. 61 42D-02 1.0221 0.01041 4.0867 0.71 ID-05 27 .5 744.1 2616 .7 6.9 1433.4
3.04 0 .6 1 1 8D-02 1.0228 0.01072 4.0868 0 . 687D-05 34 .6 921.4 3**93.7 7 .2 1525.9
3.05 0.6094D-02 1.0235 0.01104 4.0869 0 . 664D-05 43 .9 1126.0 5355.6 7.4 1624.3
3 .06 0.6076D-02 1.0239 0.01129 4.0869 0.648D-05 48.7 1290.6 6702.1 7 .to 1701.3
3.07 0.6078D-02 1.0239 0.01125 4.0869 0.650D-05 49 .4 1364.5 8104.8 7 .6 1691.2
3.08 0.6079D-02 1.0239 0.01125 4.0869 0 . 650D-05 54.5 1405.2 8576.4 7 .6 1690.2
392
DATE 20-9-82
BATCH Batch 2 of 0.005M Potassium Ferricyanide/ 0.005M Potassium Ferrocyanide/ 0.5M Sodium Hydroxide solution prepared on 6-9-82
Run No V



























4.01 1.0130 0 .0 11.8 0.500D-05 22 .0 31 .2 59.4 31.2 40.4 16.8 0.444 22.57 1.66 20.91
4 .02 1.0130 36 .6 13.3 0 . 500D-05 22 .2 27 .6 5 6 .5 27 .6 42 .5 16 .8 0.437 21 .87 1.35 20 .52
4.03 1.0130 73 .6 17.1 0.500D-05 19.3 2 2 .0 45 .2 22 .0 38 .8 16.8 0.431 21 .27 0 .7 8 20 .49
4.04 1.0130 101.7 19.4 0.500D-05 17.5 19.8 40 .4 19.8 36 .4 16.8 0.428 20.97 0.58 20.40
4 .0 5 1.0130 130.4 21 .2 0.500D-05 17.5 18.8 37 .9 18.8 35 .5 16.8 0 .430 21 .17 0 .4 5 20.72
4.06 1.0130 160.6 22 .8 0.500D-05 17.0 18.5 36 .2 18.5 34.1 16.8 0.424 20 .58 0.41 20 .18








(J /g  K)
D
(cm2/s)
Nu Sh Re Grh Grm Pr Sc
4.01 0.6326D-02 1.0158 0.00830 4.0861 0.924D-05 23 .7 442.2 0 .0 0 . 984D+08 0.3420*07 5.4 883.8
4.02 0.6301D-02 1.0168 0.00857 4.0862 0.891D-05 27 .5 518.7 1883.4 5 .6 945.5
4.03 0 . 6204D-02 1.0203 0.00966 4.0866 0.775D-05 38 .6 764.7 3370.6 6.4 1220.6
4.04 0 .6 1 58D-02 1.0217 0.01022 4.0867 0.726D-05 44. 1 927.0 4406.1 6 .8 1377.9
4 .05 0 .6 1 42D-02 1.0222 0.01042 4.0867 0.710D-05 52 .3 1034.5 5543 .8 6.9 1435.9
4 .06 0.6129D-02 1.0225 0.01059 4.0868 0.697D-05 53 .3 1137.9 6722.6 7.1 1485.4
4.07 0 . 6120D-02 1.0228 0.01070 4.0868 0.689D-05 58 .5 1240.9 8286.8 7.1 1518.8
393
TABLE A6.9.3.2 IT -N DATA FOR THE ELECTROLYTIC MIXING CELL WITH THE PRESENCE OF 2 LAYERS OF 12MM GLASS
" Li
SPHERICAL PARTICLES ON THE HEATED CATHODE
DATE 21 -9 -82
BATCH Batch 2 o f  0.005M Potassium F e r r ic y a n id e /  0.005M Potassium Ferrocyanide / 0.5M Sodium Hydroxide so lu t io n  prepared on 6 -9 -82
Run No V
























( J /s )
Qf
(J /s )
1.01 1.0119 0 .0 5 .5 0.500D-05 17.8 28 .0 28.1 28 .0 24 .3 16.3 0. 149 2.54 0.53 2.01
1.02 1.0119 59.4 8 .5 0.500D-05 16.0 17.3 23 .2 17.3 21 .7 16.3 0.147 2.48 0 .16 2. 32
1.03 1.0119 106.2 11.8 0.500D-05 15.3 16.8 20 .3 16.8 19.5 16.3 0. 141 2 .28 0 .0 9 2 .18
1.04 1.0119 176.5 15.5 0.500D-05 15.5 15.5 19.3 15.5 19.4 16.3 0.140 2.25 0.01 2.24








(J /g  K)
D
(cm2/s)
Nu Sh Re Grh Grm Pr Sc
1.01 0. 6142D-02 1.0221 0.01042 4.0867 0.711D-05 5.3 270 .7 0 .0 0. 21 5D+08 0.220D-»07 6.9 1434.3
1.02 ’ 0. 6054D-02 1.0245 0.01159 4.0870 0. 628D-05 15.1 471.8 2276.8 7 .8 1799.6
1.03 0.6032D-02 1.0250 0.01191 4.0870 0.609D-05 18.8 675.5 3962.8 8.1 1907.8
1.04 0. 6023D-02 1.0252 0.01204 4.0870 0 . 601D-05 33 .2 892.7 6516.6 8 .2 1952.2




BATCH Batch 2 of 0. 005M Potassium Ferricyanide/ 0.005M Potassium Ferrocyanide/ 0.5M Sodium Hydroxide solution prepared on 6-9-82
Run No V


























( J /s )
2.01 1.0174 0 .0 8. 1 0.500D-05 19.5 25.4 38 .8 25 .4 30.0 17.5 0.267 8.16 0 .79 7 .3 8
2 .02 1.0174 25 .9 8.5 0 . 500D-05 18.5 25.1 38 .3 25.1 31 .2 17.5 0.262 7.86 0.72 7.14
2 .03 1.0174 77.5 11.3 0. 500D-05 16.5 18.5 30 .5 18.5 27.1 17.5 0 .256 7.50 0 .3 4 7.17
2 .04 1.0174 128.3 14.6 0 . 500D-05 16.3 17.8 27 .4 17.8 25 .4 17.5 0.250 7 .16 0.22 6.94
2 .0 5 1.0174 157.9 16.3 0.500D-05 17.3 17.8 25 .4 17.8 24 .9 17.5 0.248 7 .04 0. 12 6.92








(J /g  K)
D
(cm2/s)
Nu Sh Re Grh Grm Pr Sc
2.01 ’ 0.6193D-02 1.0206 0.00979 4.0866 0 . 764D-05 15.8 367.3 0 .0 0.322D+08 0.248D+07 6.5 1256.0
2 .02 0. 6181D-02 1.0210 0.00993 4.0866 0.751D-05 14.6 391.5 1154.0 6 .6 1296.2
2.03 0.6098D-02 1.0234 0.01099 4.0869 0.668D-05 24 .6 587.7 3128.9 7 .4 1607.1
2.04 0 . 6079D-02 1.0239 0.01125 4.0869 0. 650D-05 30.5 780.6 5061.4 7 .6 1690.2
2.05 0.6079D-02 1.0239 0.01125 4.0869 0.650D-05 44.3 870.8 6230.9 7 .6 1689.2
2 .0 6 0. 6065D-02 1.0242 0.01143 4.0869 0.638D-05 35.1 1021.1 8894.1 7 .7 1748.6
395
DATE 22-9-82
BATCH Batch 2 of 0.005M Potassium Ferricyanide/ 0.005M Potassium Ferrocyanide/ 0.5M Sodium Hydroxide solution prepared on 6-9-82
Run No V



























3.01 1.0180 0 .0 8.8 0.500D-05 21 .0 28 .8 49 .7 28 .8 34 .6 17.0 0.395 17.86 1.27 16.59
3.02 1.0180 22 .0 10.3 0.500D-05 19.3 26 .6 47 .9 26 .6 36 .2 17.0 0 .395 17.86 1.09 16.77
3.03 1.0180 75 .0 12.3 0. 500D-05 18.5 21 .0 39 .9 2 1 .0 32 .4 17.0 0.395 17.86 0 .69 17.17
3.04 1.0180 125.0 15.1 0.500D-05 16.0 19.0 35 .5 19.0 31 .7 17.0 0.395 17.86 0.46 17.40
3.05 1.0180 203.8 16.6 0 . 500D-05 16.5 17.8 33 .4 17.8 28 .3 17.0 0.395 17.86 0.44 17.42
3.06 1.0180 220 .0 18.2 0 . 500D-05 16.5 17.3 31.0 17.3 28 .3 17.0 0.341 13.31 0.31 13.01
3.07 1.0180 230 .8 19.2 0.500D-05 15.8 17.3 30.7 17.3 28 .3 17.0 0.342 13.39 0 .3 0 13.10








(J /g  K)
D
(cm2/s)
Nu Sh Re Grh Grm Pr Sc
3.01 0 . 6268D-02 1.0181 0.00893 4.0864 0.849D-05 24 .3 358.7 0 .0 0.617D+08 0.297D+07 5 .8 1033.1
3.02 0.6236D-02 1.0192 0.00929 4.0865 0.811D-05 25 .0 441.3 1046.3 6.1 1123.7
3.03 0 .6 1 70D-02 1.0213 0.01007 4.0867 0.739D-05 38 .9 578.3 3297.8 6 .7 1334.1
3.04 0. 6119D-02 1.0228 0.01072 4.0868 0.688D-05 42.4 761.5 5170.9 7 .2 1524.1
3.05 0 . 6108D-02 1.0231 0.01086 4.0868 0.677D-05 52.7 851.8 8324.5 7 .3 1566.8
3.06 0 . 6095D-02 1.0234 0.01103 4.0869 0.665D-05 46 .7 947.8 8848.5 7 .4 1620.5
3.07 0 . 6087D-02 1.0236 0.01114 4.0869 0.658D-05 44 .0 1015.0 9197.4 7 .5 1653.4
3.08 0.6077D-02 1.0239 0.01127 4.0869 0.649D-05 46.1 1070.7 10316.2 7 .6 1697.2
396
DATE 22-9-82
BATCH Batch 2 of 0.005M Potassium Ferricyanide/ 0.005M Potassium Ferrocyanide/ 0.5M Sodium Hydroxide solution prepared on 6-9-82
Run No V
























( J /s )
Qf
( J /s )
4.01 1.0180 0 .0 12.8 O.50OD-O5 23 .7 31 .4 61.3 31.4 42 .3 17.2 0.484 26.82 1.65 25 .17
4 .02 1.0180 63 .8 14.4 0.500D-05 19.3 25 .9 55 .0 25 .9 42.3 17.2 0.469 25 .19 1.24 23.94
4.03 1.0180 96.0 15.9 0.500D-05 18.5 22 .5 49 .3 22 .5 39 .5 17.2 0.463 24 .55 0.97 23 .58
4.04 1.0180 150.0 18.1 0.500D-05 19.0 20 .8 44.5 2 0 .8 37 .9 17.2 0.457 23.91 0.72 23.19








(J /g  K)
D
(cm2/s)
Nu Sh Re Grh Grm Pr Sc
4.01 0.6348D-02 1.0149 0.00807 4.0860 0.955D-05 29.3 467.2 0 .0 0 . 104D+09 0.361D407 5.2 832.5
4.02  * 0.6263D-02 1.0182 0.00898 4.0864 0.843D-05 30.2 592.3 3135.5 5 .9 1045.9
4.03 0 .6 2 1 8D-02 1.0198 0.00950 4.0865 0.790D-05 36 .5 699.5 4467 .8 6 .2 1178.4
4.04 0.6193D-02 1.0206 0.00979 4.0866 0.764D-05 46 .0 821.9 6782 .0 6 .5 1255.3
4 .05 0 .6 1 72D-02 1.0213 0.01005 4.0867 0.741D-05 50.3 948.6 9176.1 6.7 1328.7
APPENDIX A7 PROGRAM LISTINGS
APPENDIX A 7 . 1  A L IS T IN G  OF THE PROGRAM ’ MASS’
REAL IL,KV,L,N
DIMENSION RN(50),IL(50),N(50),SH(50),RE(50),GR(50),SC(50)


































100 FORMAT(///3Xt’DATE 6-11-81',/3X,'BATCH Batch 2 of 0.005M',
A* Potassium Ferricyanide/0.005M',/10X,'Potassium Ferrocyanide/', 
&'0.5M Sodium Hydroxide',/10Xf'solution prepared on 24-9-81'/)
200 FORMAT(3X,'Potential = »,F6.4,1X,'V',/
A3X,'Solution Temperature = *,F4.1,IX,'C',/
A3X,'Ferricyanide concentration = 'fE9.3»1X,'mol/cm3',/
&3X,'Density = 'fF6.4,1X,'g/cm3',/
&3X,'Viscosity = ',F8.6,1X,'g/cm s',/
&3X,'Diffusivity = \E10.4,1X,'cm2/s',/)


























































DIMENSION TW(100), TS (100), TF (100), IH (100), IL (100), N(100)
DIMENSION Q (100), Q1 (100), Q2 (100), Q3 (100), Q4 (100), Q5 (100)


















































































100 FORMAT(///1X,’DATE 1-10-82’,/1X,’BATCH Batch 3 of 0.005M’,
A* Potassium Ferricyanide/ 0.005M Potassium Ferrocyanide/ 0.5M', 
A’ Sodium Hydroxide solution prepared on 6-9-82'//)
200 FORMATC1H ,1X,'Run No',6X,’V ’,8X,'N»,7X,’II»,8X,’Cb’,9X,'Tb', 











400 FORMAT(1H ,1X,'Run No',6X,'k',11X,»p',8X,'u',8X,'cp',9X, 'D', 
A10X,'Nu',7X,'Sh',8X,'Re',8X,'Grh',9X,'Grm',8X,'Pr',6X,'Sc',/11X, 














































































B (1 3 =0.0993949D0
B(2 3 =-1.2449962D0
B (3 3 =-7.09743566D0
B(4 3 =-7.1641645D0
B(5 3 =-4.5770117D0
B (1 4 = 1.3774179D0
B(2 4 =8.1477154D0
B(3 4 =12.0340912D0
B(4 4 = 1.7212905D0
B(5 4 =0.2042771D0
B (1 5 =-1.0242464D0
B(2 5 =-3.7521680D0
B (3 5 =-3.3303434D0
B(4 5 =0.0D0
B (5 5 =0.0D0











































) = - 1.0 






) = - 1.0 
) = 1.0  



































APPENDIX A8 THE BASIS OF THE EQUATION FOR THE SIMULATED FOULING DEPOSIT 
THICKNESS
The simulated fouling deposit consisted of one or more layers of glass 
spherical particles of a fixed dp randomly packed on the cathode. As Ridgeway 
and Tarbuck^0^  have stated that
"In a random packed bed of spherical particles formed in a container 
with smooth walls, the layer of spherical particles nearest to the wall 
tends to be highly ordered, with most of the spherical particles 
touching the wall. The next layer builds up on the surface of the first 
layer in a less ordered fashion. The third, fourth and successive layers 
become less and less ordered until a fully randomised arrangement is 
achieved in regions far removed from the wall and the term 'layer' 
ceases to be applicable at all" 
it is reasonable to assume that the first layer of a random packed bed of 
spherical particles is closely packed and the last layer of a random packed 
bed of spherical particles is openly packed. Hence, the thickness of a random 
packed bed of spherical particles, x can be assumed to be the mean of the 
thickness of a close packed bed of spherical particles, x ciose and the 
thickness of an open packed bed of spherical particles, x open:
^ = 0 . 5 .  + x ) A8.1close open'
From Figure A8.1, it was found that ^ciose is given by
*close = V 1 + /0.75(ni - 1)} A8.2
and ^ open is given by
a? = d n, A8.3open p i
Substituting equations A8.2 and A8.3 for ^ ciose and #open in equation A8.1 
yields
x = dp(0.933n1 + 0.067) 4.49
It was generally found that the values of x obtained from equation 4.49 
are in agreement with the measured values of x to within ±25%,
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FIGURE A8.1 PACKING ARRANGEMENTS OF GLASS SPHERICAL PARTICLES
ON THE CATHODE
( a )  CLOSE PACKING ARRANGEMENT
\>p*n
(b )  OPEN PACKING ARRANGEMENT
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APPENDIX A9 THE BASIS OF THE EQUATION FOR THE TORTUOSITY OF THE SIMULATED 
FOULING DEPOSIT
As the simulated fouling deposit consisted of one or more layers of glass 
spherical particles of a fixed dp randomly packed on the cathode, it is 
reasonable to assume that the first layer of a random packed bed of spherical 
particles is closly packed and the last layer of a random packed bed of 
spherical particles is openly packed. Hence, the path length of a random
i
packed bed of spherical particles, 1 can be assumed to be the mean of the
«
path length of a close packed bed of spherical particles, 1 ciose and the path
t
length of an open packed bed of spherical particles, 1 open:
1 0.5(1 ci0se + 1 open^ ^ * ”1
»
From Figure A9.1, it was found that 1 ciose is given by
1'close * V 1 + ^ nl - U >  a9.2
and 1 open is 8iven by
t
1 open " dpnl
» »
Substituting equations A9.2 and A9.3 for 1 ciose and 1 open in equation A9.1 
yields
l’ = dp(1.023nl - 0.023) A9.4
The tortuosity of the fouling deposit is defined as the ratio of the path
length travelled by the reacting species in the simulated fouling deposit to
the thickness of the simulated fouling deposit:
1*
t = —  A9.5x
?
Hence, substituting equations A9.^ and 4.49 for 1 and x in equation A9.5 
yields
1.023n! - 0.023 
t " 0.933nx + 0.067 5’3
406
t - 1 for nl « 1
t s 1.047 for n. = 2
t = 1.063 for nl - 3
t = 1.071 for nl = 4
t = 1.076 for nl - 5
t = 1.079 for nl = 6
t = 1.082 for nl = 7
The tortuosity,i is independent of dp .
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FIGURE A 9 . 1  THE PATH OF REACTING SPECIES THROUGH THE
   DIFFERENT PACKING ARRANGEMENTS OF GLASS
SPHERICAL PARTICLES ON THE CATHODE FROM 
THE BULK SOLUTION TO THE CATHODE
R e a c tin g  S p e c ies
( a )  CLOSE PACKING ARRANGEMENT
R e a c tin g  S p e c ies
( b )  OPEN PACKING ARRANGEMENT
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